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ed. The authors deal in a general way with the 
application of these valves and of such ancillary 
devices as metal rectifiers and vibrators, under 
the headings rectification, amplification and os- 
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engineer, physicist or designer but for the scien- 
tist, engineer or technologist who, with a back- 
ground of general physics, wishes to gaina 
working knowledge of the operation of some 
electronic instruments in general useinchemical 
and control laboratories. Such acquaintance 
withthe principles behind the apparatus should 
enable the operator to make the best use of his 
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Preface 


For a number of years we have given at this college a course of 
lectures to our research students in physical chemistry, and to 
others interested, on elementary electronics. We considered that, 
knowing something of the design and construction of the many 
items of electronic equipment now available, they would be 
better able to choose that most suitable for their purpose, and to 
use it more intelligently within its inherent limitations. The more 
efficient use of apparatus has, we believe, justified the instruction. 

With the advent of technological courses, lectures and labora- 
tory work in this subject have been included in the syllabus. For 
example, students reading for the Diploma of Technology in 
Applied Chemistry study basic physics during their first year; in 
the second year, theoretical instruction follows broadly the lines 
of the present book, together with relevant practical work in the 
electronics, spectroscopicand radio-activity measurement labora- 
tories. The student working with spectrophotometers, polaro- 
gtaphs, and similar equipment, in the later stages of his course, is 
thus able to gain the maximum information from the manufac- 
turer’s handbooks and data sheets relating to those instruments. 

In addition, we believe that the student who has worked 
through the following chapters will be able to construct, cheaply 
and quickly, small circuits involving the use of thermionic valves 
or of transistors as rectifiers, amplifiers, or oscillators, He will be 
able to carry out elementary fault-finding on equipment, to 
decide whether local repair is feasible, and—most important— 
whether re-calibration of the instrument will be necessary. 
Briefly, he will know enough to change a valve or electrolytic 
capacitor, and to leave a tuned circuit or attenuator alone. 

The number of items of electronic equipment at the service of 
chemists, chemical engineers, metallurgists and physicists, in 
these days of rapid development in new techniques, grows ever 
greater. We shall feel gratified if through this book the worker 
becomes familiar with rather more of their function than is 
disclosed by the ‘Operating Instructions’. 


Battersea College of Technology, 


V.S. G. 
December, 1960 W. H. L. 


CHAPTER I 


Components and Their Characteristics 


Introduction 
The properties of electronic circuits and devices may be expressed 
in terms of certain variables, the circuit parameters—just as the 
properties of a gas mixture may be stated in terms of temperature, 
pressure and composition. The circuit parameters are those we 
meet with in elementary physics, i.e. resistance, inductance and 
capacitance. But electronic components are usually much smaller 
than those of the physics laboratory, and they are directly 
soldered into the circuit, instead of being connected by wires and 
terminals. There are good reasons for these differences. Extreme 
accuracy and stability are not generally demanded of the indi- 
vidual components; and, because much higher frequencies are 
dealt with, there are great advantages in keeping physical size, 
and length of connecting leads, as small as possible. In fact, the 
tendency is for the physical as distinct from the electrical size of 
components to be reduced as much as possible, particularly 
where the electrical power handled is small; recent developments, 
such as the miniature valve, transistors and printed circuits, have 
taken this process much further. 

We shall begin by considering the circuit parameters, and, in 
this chapter, their behaviour under direct current (d.c.) condi- 
tions. 


Resistance 

Some of the resistance of a circuit is deliberately introduced by 

manufactured resistors; the remainder is introduced by the 

imperfection of the other components. We must of course con- 

sider both in analysing the behaviour of the circuit. 
The form of a resistor depends mainly upon its power rating, 

or its ‘dissipation’ in watts, W, and it can be shown that 


W = RI? = E?/R = EI 


where J is in amperes, E in volts and R in ohms (Q). Carbon 
resistors are used for low-power circuits, in which the power 
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LABORATORY AND PROCESS INSTRUMENTS 
dissipated by the resistor is below 5 W; above this, wire-wound 
resistors, barretters or line cords are used. 

The physical size of a carbon resistor depends upon its power 
rating, and not at all upon the resistance value, which may be as 
high as, or higher than 10’ Q (10 MQ). Resistors consist of cylin- 
ders of a graphite-resin composition, either varnished, or with a 
ceramic covering. Connection is made by brass caps at the ends, 
or by a few turns of wire, taken round the ends of the resistor. 


TOLERANCE TOLERANCE BAND 
ORANGE DOT (000) GREEN BAND (5) 
: GREEN (5) 
TIP 
RED BAND (2) 
RED BODY (2) 


ORANGE BAND (000) 
25,000 OHMS 


Fig. 1.1. The colour code for resistors 


Body or Tip or Dot or Tolerance 
Colour Ist band 2nd band 3rd band band , 
Black 0 0 - - 
Brown 1 1 0 - 
Red 2 2 00 - 
Orange 3 3 000 - 
Yellow 4 4 0000 ~ 
Green 5 5 00000 - 
Blue 6 6 000000 - 
Purple 7 7 - - 
Grey 8 8 - - 
White 9 9 - - 
Gold - - - 5% 
Silver - - - 10% 
None - - - 20% 


The resistance value is generally indicated by a code of colours, as 
follows: brown = 1, red 2, orange 3, yellow 4, green 5, blue 6, 
violet 7, grey 8, white 9, black 0. The body-colour is read first, 
then the colour of the tip; the ‘spot’ colour gives the number of 
noughts to be added. Thus, a yellow body with a violet tip and 
orange spot indicates 4, 7 and 000, i.e. 47,000 Q, or 47 kQ. 
Sometimes, the resistance is indicated by a series of coloured 
bands at one end. The same code applies, and the bands are read 
from the outside, towards the centre (see Fig. 1.1). 
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COMPONENTS AND THEIR CHARACTERISTICS 

Carbon resistors may vary by as much as + 20% about the 
nominal resistance value; selected resistors, within 10% of the 
rated value are marked with a silver spot or band, and those of 
closer tolerance, + 5%, by a gold spot or band. Special quality 
high-stability resistors are denoted by a pink band. — 

Wire-wound resistors are generally coated with a vitreous, non- 
conducting layer; in some forms, metal bands at the ends clip 
into a holder mounted on the chassis, so that they may be easily 


METAL 
SUPPORT 


GLASS 
SUPPORT 


RESISTANCE 
WIRE 


(b) 
(a) Barretter (6) Symbol 
Fig. 1.2. The barretter 


replaced. Such resistors may have tappings at various points 
along their length. They should be mounted well clear of other 
components, since they usually get quite hot in operation. 
Barretters are lengths of resistance wire sealed inside a glass 
envelope, containing hydrogen gas at low pressure (Fig. 1.2). 
They have the property of increasing resistance with increasing 
applied voltage in a linear manner, within limits; so that such 
a resistance passes an approximately constant current despite 
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changes of supply voltage. A typical current-voltage curve for a 
barretter is shown in (Fig. 1.3). 

A line-cord is a length of resistance wire, woven in asbestos 
fibres, and made up into a cable resembling 15 amp ‘flex’. Line 
cords are rated in ohms per foot, and the maximum safe current 
for the wire is also stated. They may dissipate considerable 
quantities of heat; for example, to supply 100 V at 0-2 amps, for 
the filaments of a valve amplifier, from the 240 V mains supply 
requires a resistance of 700 Q, and this dissipates 28 W, or nearly 
7 calories per second. 


030 


CURRENT IN AMPS 


I20 40 160 18O 
VOLTS ACROSS BARRETTER 


{*) 100 200 


Fig. 1.3. Voltage—current relationship for the barretter 


All resistors, unless specially designed, change their values with 
change of temperature. Wire-wound resistors, line cords, and 
metal filament lamps show a positive temperature coefficient of re- 
sistance, i.e. the resistance increases with increasing temperature ; 
carbon resistors, and carbon filament lamps, show a negative 
coefficient. Thus experiments to verify Ohm’s law should be 
carried out under isothermal conditions. In Fig. 1.4 are shown 
some of the current-voltage relationships found in, practice; 
these are not all due to temperature change. Curve a represents 
the ideal Ohm’s law relationship; curve b that of a barretter; 
curve c shows the output of a voltage-stabiliser circuit, in which 
the voltage is maintained approximately constant for a consider- 
able variation in current supplied. Curve d shows an example of 
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COMPONENTS AND THEIR CHARACTERISTICS 
negative resistance; this is not the behaviour of a resistor, but 
shows, for example, the relationship of one pair of currents and 
voltages in the tetrode valve (see p. 85). 

Fig. 1.5 shows the current-voltage relationship (the ‘charac- 
teristic curve’) of a tungsten-filament lamp. Between 20 V and 
200 V, the resistance changes from 133-533 Q. Carbon-filament 
lamps show a similar variation, but in the reverse sense. Hence, if 
a lamp is to be used as a ballast resistor, i.e. at other than its 


I 


CURRENT 


VOLTAGE 


Fig. 1.4. Some voltage-current relationships 


nominal voltage, we cannot deduce its resistance from the watts 
rating, and must measure it under the working conditions. 
Some resistors are specially sensitive towards changes of 
temperature; they are called thermistors, and are used in the 
measurement or control of temperature. If the resistance of a 
length of nichrome wire is 100 Q at 0°C, this increases to 100-4:Q 
at 10°C; it is a small change compared with that of a typical 
thermistor, having a resistance of 2000 Q at 0°C and of 1000Q at 
10°C. All thermistors have a very large negative temperature 
coefficient of resistance. They consist of a bead of semiconductor 
material (p. 204), fused to a pair of leads, which may be enclosed 
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in a gas-filled, or evacuated, glass envelope. Their power rating 
is very low, so that they are usually employed in bridge circuits, 
the off-balance current operating a temperature recorder or 
controller. Thermistors are rated according to their maximum 
power dissipation and their most useful temperature range. 
Whenever possible, carbon resistors are used in electronic 
circuits, because they are physically small, cheap, robust and 
introduce only small non-resistive parameters into the circuit. 
On the other hand, they cannot dissipate large amounts of power, 


I mA 

500 7 
WATTS 
400 100 
300 & 75 
oo 
200 ‘ 50 
A 
RS 
fo,e) 25 
V VOLTS 
° 50 100 150 200 250 300 


Fig. 1.5. Characteristic curve of the tungsten filament lamp 


and are constructed to a comparatively wide tolerance—though 
obviously any required value could be obtained by selection. A 
more serious objection is that, by oscillation of the carbon 
granules at ‘thermal’ frequencies (i.e. oscillations produced by 
heating) spurious frequencies may be introduced into the circuit, 
giving rise to ‘noise’. 

Variable resistors and potentiometers may consist of a metal 
arm moving over a carbon track coated on an insulator; the 
power rating is very low, and such resistors are particularly prone 
to generate ‘noise’. For higher power rating, and for more 
precise values, wire-wound potentiometers are chosen. 
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COMPONENTS AND THEIR CHARACTERISTICS 


Two new types of resistors have recently been introduced. 
*Fiberloy’} resistors consist of a precious metal film deposited 
ona glass fibre; this is wound ona ceramic former, and protected 
by an epoxy-resin coating. The following values are available: 


2:7 kQ to 700 kQ, 1 W rating, tolerance 10% 
5-4 kQ to 2 MQ, 2-5 W rating, tolerance 10% 


Closer tolerance resistors are available within more restricted 
ranges, e.g. 0°57 for 100 kQ to 700 kQ, 1 W rating, and 200 kQ 
to 1-4 MQ, 2-5 W rating. The stability is much greater than for 
carbon resistors, and the size is comparable. 
‘Metlohm’+ metal film resistors are made by firing a noble- 
metal alloy film on to the surface of a glass sheet. Silver connec- 
tors are fired on to the track, and a protective coating is applied. 
The ‘noise’ generated by these resistors is extremely small; they 
may be operated at temperatures up to 180°C, and inductive and 
capacitive reactances are practically negligible. ‘Metlohm’ 
resistors are available in the range 15 Q to 250 kQ, rated at 0-25 W. 


Inductance 


Electronic inductors are coils of wire, wound on hollow (usually 
cylindrical) formers, and having inertia towards change of current 
flowing through them. Such a coil generates an opposition e.m.f. 
given by E = —L.dl/dt, where dl/dt is the rate of change of the 
current flowing through the coil. This equation defines L, the 
self-inductance of the coil; a coil generating 1 V when di//dt is 
1 amp per second has unit self-inductance of 1 Henry (H). When 
a steady voltage is applied to a circuit including inductance L, 
current builds up exponentially; the current i, at time ¢ after 
switching on is: 


i, = E/R.[1—exp(—Rt/L)] 


The final steady current is thus E/R, E being the applied voltage, 
and R the ohmic resistance of the circuit. On switching off, the 
decay of current is also exponential, and i,= E/R. [exp(— Rt/L)]. 


+ Both ‘Fiberloy’ and ‘Metlohm’ resistors are manufactured by Messrs. 
Painton & Co. Ltd., Kingsthorpe, Northampton. Moulded Metal Film 
Resistors are manufactured by The International Resistance Co., Phila- 
delphia, Pa. 


7 


LABORATORY AND PROCESS INSTRUMENTS 

After a period of time (L/R) seconds, i has risen from zero to 
0-632 E/R, or has fallen from E/R to 0-368 E/R; this period is 
referred toas the time constant 7 of the circuit of which the inductor 
is a part (see Fig. 1.6). Thus, a coil of inductance 5 H, and resis- 
tance 100 Q, forms a circuit of time constant 50 milliseconds; 
this time constant would be increased if there was an additional 
resistance in the circuit. 

Small inductors, of 0-1 micro-henrys (or wH) to 100 milli- 
henrys (or mH), have air cores; they are used in circuits tuned to 


5 . 
i OFF £ 
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ON TIME 


Fig. 1.6. Variation of current with time-series L—R circuit, supply voltage 
E volts 


resonate at high frequencies. Large inductors, up to 100 henrys 
or more, are wound on soft-iron formers, or employ one of the 
new ferromagnetic materials as core; they are used in filter circuits 
for low-frequency voltages. Such inductances are used in d.c. 
power-supply units working from an alternating voltage source. 

Coils may be wound to a particular inductance, according to 
dimensions, permeability of core and number of turns. Ideally, 
the inductance Z in henrys is given by: L = u4aN7al.10-°, pw 
being the permeability of the core, N the total number of turns, 
a the cross-sectional area, and / the length of the coil. However, 
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the permeability depends upon the current passed through the 
coil; a short coil (one for which the ratio of length to diameter is 
less than 10) has a considerably smaller inductance than that 
predicted by the above equation, due to the depolarisation by its 
ends. A table of correction factors (Nagaoka’s constant), and of 
the variation of inductance with current, is given in such works 
of reference as Terman or Langford-Smith. These works also 
include details of multi-layer coils, which are much smaller for a 
given inductance than single-layer coils, and of toroidal coils 
(the shape of a ring doughnut). Co-axial cable, or ‘feeder’, 
introduces inductance (and capacitance) into the circuit, pro- 
portional to its length. Such cable is illustrated in Fig. 1.7. 


| OUTER INSULATING 
INSULATOR (POLYTHENE) SHEATH 


| PERMITTIVITY = K 


orrercercecn) 
UUXTTIMITEN ESE 


{ BRAIDED METAL 
CENTRAL CONDUCTOR SCREEN 


Fig. 1.7. Coaxial feeder. Capacitance = 0:2416«/iog 7/rg pF per cm; in 
ductance = 0-00461 log r,/r, »H per cm 


Coils designed to limit currents of a particular range of fre- 
quencies are called ‘chokes’, and are rated according to induc- 
tance, current capacity (not necessarily that of the wire—the 
“saturation-current’ of the coret) and resistance. Typical values 
are: for low-frequency chokes, from 3 H, 250 mA and 50 Q to 
40 H, 70 mA and 1200 Q; for high-frequency chokes, 14 mH, 10Q 
(iron-dust cored) (see Fig. 1.8). 

It is obvious that a coil must introduce resistance into a circuit; 
less obviously, it must also introduce capacitance, referred to as 
the ‘self-capacitance’ of the coil. Thus a high-frequency coil 
may, due to its self-capacitance, constitute a resonant circuit 
(p. 39). 


t For references, see p. 19. 
} For ‘saturation current’, see p. 132. 
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For a combination of n inductors in series, without mutual 
coupling, the resultant inductance Lp = ))}L; for combination in 


parallel 1/Lz = S(1/L). Where two coils £, and LZ, are in close 


proximity, particularly if they are wound on a common core as 
in the transformer, mutual coupling exists between them. The 
mutual inductance M is given by the equation M = k/(L,L2), 
where k is the coupling factor. Coupling modifies the resultant 
inductance of coils in series to: 


Lr = L,+L.4+...+2M 


Fig. 1.8. Some typical inductors. Values left to right: 20 H, 73-5zH, 


18uH 
and of coils in parallel: 
Pov L,L,—M? 
R 1,+L,+2M 


according as the fields of the coils assist or oppose, which in turn 
depends on the relative direction of winding. Where coupling i is 
unwanted it may be reduced practically to zero by screening the 
coils with earthed metal ‘cans’. 


Capacitance 


Capacitance is introduced into a circuit by an electrical ‘con- 
denser’ or capacitor; the range of capacitors used in electronic 
circuits extends from about 1 micro-microfarad (luyzF, or 1 
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pico-farad, 1 pF) to 1000 ufarads, pF. The capacitance may be of 
fixed value, or may be continuously variable. The capacity of a 
pair of plates of area A and distance d apart, separated by a 
medium of permittivity « is given by: 

_ KA, -12 
C= a a 1x10-'*F 
where A is in cm’, and din cm. Hence, the larger the capacity, the 
larger the physical size of the capacitor; the size is also deter- 
mined by the voltage at which the charge is stored. 


a 
caraen Rae 
TOY WT 
WW WHY 


HDI nN) 


sey NOU 


Fig. 1.9. Variable capacitors. Left to right: 50 pF trimmer, two-gang, 
2x 500 pF tuning capacitor, 150 pF variable capacitor 


The medium between the plates is called the dielectric, and a 
useful classification of capacitors is in terms of the dielectric 
between the plates. Common dielectrics are air, mica, ceramics, 
paper and oil; an oxide film is used in the ‘electrolytic’ capacitors. 


(i) Air (« = 1). These are mostly small variable capacitors. The 
plates may be shaped so that capacitance and angle of rotation 
are related, e.g. by a linear, or a logarithmic law (Fig. 1.9). 

(ii) Mica (« =6 approx.). These are usually small-capacity 
fixed or variable capacitors. The high dielectric strength, and 
-ability to maintain the charge for a long period, i.e. the so-called 
“low loss’, together with the low temperature-coefficient, render 
them suitable for high voltages, and as secondary standards. 
‘Silver mica’ capacitors, in which are stacked thin (1-mil) mica 
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sheets, sprayed with finely divided silver, are the most accurate 
of the mass-produced varieties. The silver layer is very thin, so 
that these capacitors are less suitable than paper or electrolytics, 
where large ripple currents are met with. 

(iii) Ceramics. The dielectric constant for ceramics is variable, 
depending on the material, temperature, amplitude and frequency 
of the applied voltage. The dielectric strength is high, and 
suitable ceramics are available for very high frequencies. 

(iv) Paper (« = 2-5 approx. for waxed paper). The dielectric 
strength of paper is high, so that very thin sheets may be used. For 
example, two strips of metal foil, each of dimensions 20 ft x 3-0 
in. x 0-0005 in., separated by a waxed-paper strip 20 ft x 3-5 in. 

x 0-0005 in., form a capacitor of 2u.F capacity, and able to with- 
stand a p.d. of 500 V. The strips may be folded into a very small 
bundle. 

(v) Oil (« less than 10). Generally, oil-filled capacitors are 
intended for high-voltage operation (10 kV or more), with 
capacitance 0-01 to 1-0 pF; they are used, for example, in the 
power supplies of cathode ray tube circuits, and in ‘flash-tube’ 
circuits used in photography. 

(vi) Oxide-film dielectric. In practice the film is of aluminium 
oxide, Al,O;, formed on a very pure aluminium anode by the 
electrolysis of a suitable solution, e.g. ammonium borate. This 
film is very thin, and although it may appear that it would punc- 
ture easily this is not serious because a small amount of electro- 
lysis then occurs, leading to ‘healing’ of the film. These capacitors 
are called ‘electrolytics’; they are usually polarised—i.e. they 
must be correctly orientated in the circuit, as regards polarity, 
like a d.c. meter. However, some electrolytics contain two formed 
anodes, in which case polarity need not be observed. There are 
three main types of ‘electrolytics’: 

Wet type. These have a rigid anode. The cathode is the outside 
‘can’, containing the electrolyte, and a rubber gas-vent is fitted. 

Semi-dry type. Two aluminium foil strips are separated by a 
gauze ‘spacer’, impregnated with boric acid-glycerol. The foils 
are the electrodes, often isolated from the can. 

Dry type. As for the semi-dry, but incorporating a solid electro- 
lyte, e.g. boric acid and gum in alcohol. 

Electrolytic capacitors have rather high leakage currents; 
however, they can be made very compact; a (32+32) uF (i.e. 
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two separate sections each of 32 uF), rated at 500 V, may be 
contained in a 1 in. diameter cylinder, 2 in. in length. The actual 
anode surface area is about 500 in. 

In a new type of electrolytic capacitor an oxide-film dielectric 
is formed on a tantalum anode, sulphuric acid being the electro- 
lyte. Such capacitors operate satisfactorily at very low tempera- 
tures, and their size is considerably reduced from that of standard 
electrolytic capacitors. The size reduction makes them parti- 
cularly suitable for use in portable equipment employing 
transistors; the voltage rating is at present limited to about 
100 V, but high-voltage operation is not required in this 
application. 

After a period of storage, electrolytic capacitors may need 
re-forming, by connecting them for a time to a d.c. source, well 
below the rated maximum voltage, and with due regard to 
polarity. 

The polarity of electrolytic capacitors is usually indicated in a 
circuit diagram. Thus, in Fig. 5.17, the ‘rectangular’ plate of C, 
is the positive, a single line representing the negative plate. 
Sometimes, polarities are assigned by ‘+’ and ‘—’ signs. 

A range of ceramic materials incorporating barium titanate is 
now available, having very high dielectric strength (i.e. resistance 
to break down under charged conditions), and with permit- 
tivities as high as 4000; most alumina ceramics have dielectric 
constants of 2-3. These materials are suitable for capacitor 

. dielectrics, since they are not polarised, do not deteriorate on 
storage, and may be used at ambient temperatures up to 100°C. 
The resulting capacitors are very compact. 

Two capacitors in series have a resultant capacitance C, less 
than either: Cy = C;C/(C;+ C2). However, the voltage rating 
is higher than that of either capacitor alone. The capacitances of 
capacitors in parallel are additive: Cp = C;+C>. The voltage 
rating of the combination, however, is the lower of the ratings of 
the separate components. 

There is a colour code for capacitors, but it is not so universally 
employed as for resistors. Three ‘dots’ of colour are read in the 
direction of an engraved arrow; the first dot gives the first figure, 
the second the number of zeros (giving the capacity in pyF), and 
the third the voltage rating. The same code applies as for 
resistors. 
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Capacitance in a D.C. Circuit 


When a capacitor is connected to a source of direct current, such 
as a battery, current initially flows in the circuit. This current dies 
away with time exponentially; similarly, the charge on the capaci- 
tor, and the voltage across it (which opposes the voltage of the 
battery) increase exponentially to their final values. The law of 
build-up of charge is: 


q = CE.[1—exp(-t/CR)] . 


where C is the capacitance, F the battery voltage and R the resis- 
tance of the circuit. The last term includes the resistance of the 
wire and the internal resistance of the battery, as well as any added 
resistance: thus, it is never zero. If C is in farads and E in volts, 
the charge built up ¢ seconds after switching on, q,, is given in 
coulombs. Similarly, the voltage across the condenser after time 
t will be given by 


e, = £.[1—exp(-t/CR)] 


The factor (CR) is the time-constant 7 of the circuit; with C in 
farads and R in ohms, 7 has the units of seconds. Just as in the 
case of inductance, after a time 7 the rising parameter (in this 
case charge or voltage) has attained 0-632 of its ultimate value. 

If the charged capacitor is allowed to discharge through a total 
resistance R, the charge and voltage fall exponentially, so that, 
for example, e, = E.exp(—t/CR). These relationships are shown 
in Fig. 1.10. Some values of 7 are as follows: 


G R T 
50 pF 10 kO 0-5 psecond 
50 wyF 1 MQ 50 seconds 
8 pF 10 kQ 80 m-seconds 
8 uF 1 MQ 8 seconds 


Many timing circuits, such as those which control the horizontal 
movement of the spot of light on a cathode ray tube screen, make 
use of this ability to vary the charging time of a capacitor by 
varying the resistance in series with it. 

A capacitor of capacitance C farads, charged to a potential 
V volts, stores a charge Q, equal to (CV) coulombs, and energy 
(CV), or ($07/C), joules. For example, a 100 pF capacitor at 
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5 KV stores a charge of 0:5 coulomb and 1250 joules energy. This 
is the equivalent of about 300 calories, and may be used to pro- 
duce energetic radiation such as is used in flash-photolysis 
experiments. 


O637E 


O-3I8E 


TIME 


Fig. 1.10. Charge and discharge of capacitor C through resistor R. Supply 
voltage E volts 


Inductance, Capacitance and Resistance in Series in D.C. 
Circuits 

Suppose we set up the circuit of Fig. 1.11 and put the switch to 
position 1. Then the variation with time of the charge stored in 
the capacitor is as shown in this figure. 

If the resistance is large, so that R? > 4L/C, the broken curve 
is followed, and gq, rises to its final value rather as in the case of a 
simple C-R circuit. Butif the resistance is small, sothat R? < 4L/C, 
the full curve is followed, showing that the charge oscillates about 
its ultimate value, becoming steady only after a comparatively 
long period of time. The oscillations resemble those set up ina 
vibrating string; their amplitude decreases with time, but their 
period remains constant. They are in fact damped oscillations of 
decrement e~ *", and period T = 2m//(1/LC — R2/4L?) seconds. 
The inverse of Tis the frequency, f, i.e. f = 1/2. «/(1/LC— R/4L?) 
cycles per second (c/s). If R < 4L?, f= 1/27. (1 /LC) per second. 
Thus, if Z = 10 mH and C=0:1 uF, f= 5 kilocycles per second 
(ke/s). 
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If after the capacitor has become charged the switch is moved 
to position 2, the decay of charge or capacitor voltage follows 
one or other of the curves of Fig. 1.12. Again, the broken curve, 
showing a steady decay towards zero, corresponds to R? > 4L/C, 
and the full curve, showing oscillatory decay, to R? < 4L/C. 


TIME 


Fig. 1.12. Discharge-time relationship for the L-—C-R series circuit. 
Oscillatory and damped, discharge of a capacitor 


If R were zero, the oscillations would be undamped, and 
constant amplitude maintained. This is never the case; but, as we 
shall see later, the thermionic valve oscillator is able to make up 
for the loss, and produce constant-amplitude oscillations. A 
limiting case arises when R? = 4L/C; in the previous example 
this corresponds to R = 630 Q. This is the critical condition for 
oscillation, and the circuit is said to be critically damped. 

The reason for oscillatory charge or discharge lies in the 
periodic interchange of energy between the capacitor and the 
inductor. The initial current flow sets up a field round the coil, 
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which in collapsing adds to the strain in the capacitor dielectric, 
and the charge rises above the maximum which the battery can 
maintain. As this excess charge dies away the reversed current 
again builds up a field, and the process is repeated, but with 
diminished amplitude, due to energy lost through heating the 
resistance. For a complete mathematical analysis of the problem 
see the references at the end of this chapter. 


NOTES 


A useful construction for determining the resultant of two 
resistors or inductors in parallel, or of two capacitors in series, is 
shown in Fig. 1.13. 


Ry 


Fig. 1.13. Resultant of two resistors or inductors in parallel, or of two 
capacitors in series 


The left-hand ordinate is R, (or L; or C,); the right-hand 
ordinate is R, (or L, or C2); and the abscissa is R, +R, (or 
L,+L, or C; + C2). The diagonals from R; and R; intersect at a 
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point whose height above the abscissa is h; then his the reciprocal 
of the resultant, R Ro/(Ri+ Rp), etc., ie. 1/R,+1/R,=1/h. The 
construction is the same as that for the determination of the focal 
length of a lens, from object and image distance measurements. 
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Problems 


1. A moving-coil meter of full-scale deflection 100 wamp and in- 
ternal resistance 500 Q is to be used to measure (a) 10 amp d.c.; (6) 100 
Vdc. 

Calculate the resistance required, together with their power- 
ratings, 

Answer. (a) 0-005 Q, 0-5 W. (6) 1 MQ, 0-01 W. 

2. A thermostat tank holds 200 1. of water. Find the wattage of a 
suitable heater required to raise the temperature from 18°C to 25°C 
in 1 hour. 

Answer. 1-6 kW. 

3. Calculate the inductance of a single-layer coil of wire of 100 
turns, length 10 cm and mean radius 5 cm. What voltage is induced 
in the coil by a current changing at the rate of 0-1 amp/second? 
(Nagaoka’s constant for this coil: 0-688.) 

Answer. L = 678 pH; eg, = 67°8 pV. 

4. Two capacitors of 3 uF and 5 uF are connected in series. Deter- 
mine their joint capacitance, and the voltage and charge of each if the 
circuit includes a 50 V battery. 

Answer. C = 1-875 pF; charge = 93-75 ucoulombs. V,=31-25 V, 
V2= 18-75 V. 

5. Calculate the natural frequency of an L-C-Rseries circuit, having 
L=1mH, C = 1000 uyf, R = 1000Q. What extra resistance is required 
for critically damping this circuit? 

Answer. f = 137 kc/s; extra resistance = 1000 9. 

6. Give an account of the electrical characteristics of the following 
components, and explain one use of each in an electronic circuit: 
electrolytic condenser, thermistor, line-cord, piezo-electric crystal. 
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CHAPTER II 


Alternating Current 


Introduction 

The electricity supply from a generating station, whether for 
industrial or domestic use, is almost always alternating current. 
The voltage and current change direction at regular intervals; 
two such changes restore the original direction and constitute a 
cycle. The number of cycles occurring per second is called the 
frequency of the supply. Alternating voltages are supplied by 
dynamos fitted with slip rings in place of the commutators of 
direct current (d.c.) machines. The supply mains in this and many 
Western European countries has a frequency of 50 c/s; in the 
U.S.A. the frequency is 60 c/s. The heating effect of an electric 
current is independent of the direction of current flow, since it is 
proportional to i?; however, the reading of a moving coil 
ammeter, or the product of an electrolysis, depends upon the 
polarity of the source. Again, as we shall see, a thermionic valve 
requires unidirectional supply voltages to be applied to anode 
and screen. Thus, for some purposes, we must change the alter- 
nating supply into a unidirectional one (‘direct current’, or d.c.) 
before using it, a process of conversion known as rectification. 
This is a disadvantage of alternating current, but it is enormously 
outweighed by the advantage of being able to raise or lower the 
voltage by a very simple device—the transformer (p. 65). 

The generating station is able to produce its power at a con- 
venient voltage, say 2000 V; this is sent across country at a much 
higher pressure, perhaps 220 kV, which may then be reduced, in 
stages, to the 1100 V of some electric railway systems, or the 
240 V or so of our domestic supply. The advantage lies in the 
relationship:power = current x voltage, so that the cross-country 
transmission involves only relatively small currents, with corre- 
spondingly small voltage drop and loss of power through the 
resistance of many miles of electric cable. Again, it is quite easy 
to convert the 240 V ‘mains’ alternating supply into 250 V d.c. 
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for a valve anode, or into the 6-3 V a.c. to heat its filament; the 
supply to a cathode ray tube, or to an ozoniser, requires a much 
higher voltage, but this also is readily obtainable. Most scientific 
instruments are designed to plug-in directly to the a.c. mains, 
and provide their own direct voltages, as necessary (p. 101). 

The variation of voltage with time is sinusoidal; that is to say, 
the generator voltage at any instant is given by an expression of 
the form: e, = E,,.sin2zft, where fis the frequency of the supply, 
e, is the voltage at time ¢ and E,, is the maximum value that the 
voltage attains at any point during the cycle—the voltage ampli- 
tude. From this equation, e, = E,, when 2nft = 90°, so that we are 
evidently counting time ¢ from an instant of zero voltage. The 
term (2zf), the pulsatance, is usually denoted by so that wt 
represents the angular displacement of the voltage vector in 
radians, assuming that this was zero at time t = 0. If in fact the 
vector had an angular displacement ¢ initially, we could show 
this by writing e, = E,,.sin(wt+4), and ¢ is called the phase of 
this voltage. Unless otherwise stated, such phase-angles will be 
expressed in radians. In this case, e, attains its maximum value, E,,,, 
when wt = (7/2 —4). It should be noted that at three points in the 
cycle the voltage is zero, and that on average, it is just as often 
negative as positive throughout a complete cycle. This is why a 
moving-coil meter would not respond to an alternating voltage 
even of a frequency of 50 c/s. 

Theoretically, we can regard such alternating voltages as the 
low-frequency end of the electromagnetic spectrum, extending 
from such frequencies, via regions variously designated ‘radio’, 
‘heat’, ‘light’, into the X-rays. All these phenomena are pro- 
pagated with a constant velocity, because they are all alike in 
origin; this velocity, sometimes called the velocity of light, has 
the value 3 x 10'° cm per second, in vacuo. Now for any wave 
motion, we have the relationship: velocity of propagation = fre- 
quency x wavelength. Consequently the wavelength, A, in centi- 
metres, is given by A= 3x 10!/f, where f is the frequency in 
cycles per second. The frequency, and therefore the wavelength, 
extend over a very wide range throughout the electromagnetic 
spectrum; this is illustrated in Fig. 2.1, where logarithmic scales 
are employed. 

In electronics, including communications and the relatively 
new field of micro-wave instruments, we are interested in a small 
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part of the complete spectrum; nevertheless, we cover a compara- 
tively wide range of wavelengths. The wavelength of the London 
Home Service transmitter is 330 metres, that of the B.B.C. 
V.H.F. is about 3-3 metres, whilst radar during the 1939-45 War 
used 10 cm and 3 cm wavelengths. Modern micro-wave spectro- 
scopy starts in this region, and has now reached millimetre wave- 
lengths. The ‘electronic’ spectrum may be sub-divided roughly 
as follows: 


Audio or low frequencies (A.F. or L.F.) 30 c/s to 15 ke/s 


Intermediate frequencies (I.F.) 110 kc/s to 465 ke/s 
Radio frequencies (R.F.) 500 kc/s to 30 me/s. 
io 10° 10 10° 10? 10% 10% 10% 1% ic* 10% 


FREQUENCIES 
CYCLES PER SEC. 


lot? lo”? Iio'* byt i 
io? Io* 10° A 


io* jo? Jol? I0® 


~<——— RADIO AND MICRO) 
WAVES 


REGION 


Fig. 2.1. The electromagnetic spectrum 


Audio frequencies are mainly used in the determination of 
electrolyte conductances, and in bridge measurements involving 
reactances. 

Intermediate frequencies are employed for the major part of 
the amplification in radio receivers of the superheterodyne type. 

Radio frequencies are employed in some bridge measurements, 
in certain ‘electrodeless’ conductance comparisons, and in 
nuclear magnetic resonance measurements. 

Very much higher frequencies up to 30,000 Mc/s are used in 
paramagnetic resonance measurements, and in micro-wave 
spectroscopy. They involve quite different principles of genera- 
tion, transmission and measurement from those frequencies 
already mentioned, and we cannot consider here the new tech- 
niques involved. 
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The Measurement of Alternating Currents and Voltages 


The average value over one complete cycle of a sinusoidal voltage, 
which may be represented: 


e= £,,sinwt 


(where e is the instantaneous value of the voltage; the subscript t 
has been discarded) is evidently zero, so that any instrument 
which responds to this average value, such as a moving-coil 
voltmeter connected to 50 c/s supply will fail to register. The 
inertia of the electron beam of a cathode ray oscilloscope is very 
low, so that the ‘spot’ is able to trace out the waveform— here 
again, however, its average displacement over one cycle is zero. 


Fig. 2.2. Full-wave and half-wave rectification of a sinusoidal voltage, 
e=E, sin wt 


A full-wave rectifier (or A-rectifier) (p. 104) makes the voltage 
pulses unidirectional, so that there is now an average voltage, 
E to which the meter may respond. This average voltage is given 
by: 


t ale 
= -E, . a ; 
E= <E [ simet.at = Enis J sinet.at 
t a/a 
0 0 
= Fm [cos wt]g! 


or 0:637E,,, which value we denote by E;. A moving-coil milli- 
ammeter responds to this value, if supplied via a full-wave 
rectifier. It should be noted that the integration is taken over one 
half-cycle, since this is exactly duplicated by the succeeding 
half-cycle (Fig. 2.2). 
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If the meter is supplied via a half-wave rectifier (a A/2 rectifier) 
the original — ve half-cycle (shown shaded in Fig. 2.2) is removed ; 
the remaining voltage must now be averaged over a complete 
cycle, and hence: 


m/w 


sninids 


0 
= E,|7 or 0-318En 


Although, therefore, the supply voltage is the same, the meter 
reading has dropped to one-half its previous value. 


—— En 
Exp —_ Ina’ 


E = Em. Sinut 


Fig. 2.3. Root-mean-square value of a sinusoidal voltage of amplitude £,, 


For many practical purposes, we are interested in the average 
of the voltage irrespective of its sign, i.e. in /(E7). Now 


alo 


poe 2 
ae =. | sntigp ue 
0 


ailw 


= ERS. (1—cos2wt).dt 
0 
E,@ Tria E; 
On [418 a | 
Hence VED = = or 0-707E | 


These voltages are shown in Fig. 2.3. / (E”) is a very important 
quantity, known as the Root Mean Square (r.m.s.) voltage of the 
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supply; the r.m.s. values of current and voltage are represented 
by capital letters without subscript, thus: J, E. 

A direct voltage V applied across a conductor of resistance R 
would dissipate power at the rate of V?/R watts; a sinusoidal 
alternating voltage will dissipate power at the same rate if its 
r.m.s. value is also V,i.e. if E,, = V/0-707 = 1-404 V. Because of its 
importance, it is the r.m.s. value which most measuring instru- 
ments record, although, as we have seen, a moving-coil meter 
with a rectifier ‘sees’ either 0-637E,,, or 0:319E,,. This is a simple 
matter, because there is a linear relationship between these 
voltages: 


E = 0-707 En; Ex = 0-637E, 


0-707 
0-637 


E = Ex = 1-110E) 
Exactly the same considerations apply to a sinusoidal alternating 
current flowing in a circuit. Consider a voltage represented by 
e = 50sin 100zt (i.e. a voltage of amplitude 50 V and of frequency 
50 ¢/s, so that w is 1007) applied to a resistance of 100 Q. Here, 
S= 50 c/s, E,, = 50 V. Tabulating the results: 


En EK Ey. E(r.mss.) 
50 31-85 15-93 35°35 (volts) 
L h To I(rms.) 


0:5 0319 0-159 0-354 (amp) 


and power dissipated, P = 12-50 W. 

Frequently, alternating and direct currents flow in the same 
circuit—for example, in the anode load of a thermionic valve. If 
the total instantaneous current i = J, +J,,sinwt, where J, is the 
direct component, 


? = [74+ T2sin? wt +2/, J, sinwt 


Since the first term is constant, the second has been shown to 
have the average value J,,/2, and the product term has an average 
value of zero over one cycle, the mean current during one cycle is: 
V(@) = VUF+12/2) 
25 


LABORATORY AND PROCESS INSTRUMENTS 


ie. I(r.m.s. value) = \/(/?+J]?/2). For example, if a 12 V accu- 
mulator is included with the previous voltage generator and 
resistor, as shown in Fig. 2.4, we have: 


I, = 12/100 = 0-12amp 
In = 50/100 = 0-5amp 


Pei Pe 
I= /{(0-12) a a 0-373 amp 
It is generally the r.m.s. value which is quoted for an alternating 
voltage or current. ‘230 V, 50 c/s’ thus represents a voltage of 
peak value 230 x 1-404 = 285 V, and the insulation must be able 


€=50 sin lOO WE 


Fig. 2.4. D.C. and a.c. generators in series, in a resistive circuit 


to withstand this peak voltage; the instantaneous voltage is 
given by: e = 285sin 100zt. 

The relationships between r.m.s. and peak values of voltage, 
and £, and Fy; depend upon the waveform. If, for example, we 
apply the previous analysis to a ‘square’ waveform (Fig. 2.5), the 
following results are obtained: ./e?=E(r.m.s.)=£,, and 
Ej = En, Exy2 = En[2. 

The ratio E/E), or of I/h, is called the form factor of the supply 
voltage. For sinusoidal e and i it has the value 1-110; for square 
waves it is unity. The so-called constant voltage transformer 
(p. 107) supplied from a sinusoidal generator, produces across the 
secondary winding a voltage which is not sinusoidal, but ‘fiat- 
topped’. A moving coil meter with rectifier may, because of its 
form factor, register 6% too high a voltage. 
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The hot-wire ammeter is deflected as a result of the heating 
effect of the current, and so responds to J (r.m.s.)*. The moving- 
iron meter also responds to J?, so that both of these are non-linear 
instruments with respect to current. 

Radio-frequency currents are usually measured by a thermo- 
couple meter. The thermocouple elements are spot-welded to a 
fine-gauge heater wire, and the thermal e.m.f. recorded by a d.c. 
milliammeter. The combination is again non-linear. The heater 
wire is easily burnt out by overload, and such instruments must 
be treated with great care.t 


e@ 


Fig. 2.5. Square-wave voltage, amplitude E,,:¢, e? and e 


Resistance, Capacitance and Inductance in Alternating Current 
Circuits 
(i) Resistance. Provided that the frequency is not too high, a 
resistor behaves similarly towards both direct and alternating 
currents. The power dissipated in it is RI*, I being the direct 
current or the r.m.s. value of the alternating current. 
If the applied voltage is 
e= E,, Sinwt 
the resultant current is 
i= [,sinwt 
t See first reference, p. 51, at end of this chapter, concerning meters. 
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where £,, = R/,,, and the current and voltage are therefore in 
phase (Fig. 2.6). 

When the frequency is very high however, a rapidly alternating 
field is set up inside the conductor, which repels the ‘mobile’ 
electrons towards the outer layers. The effective cross-sectional 
area of the conductor is therefore reduced, and its resistance is 
increased. The increase in resistance of a conductor with increase 
in frequency of the voltage applied to it, is called the skin effect; 


Fig. 2.6. Alternating voltage and current relationships in a resistive circuit 


it becomes appreciable above about 100 kc/s. As an example, 
56-5 cm of copper wire of gauge 35 has a resistance of 1 Q towards 
direct current. The resistance increases with frequency as follows: 


Percentage 
f R increase 
(c/s) 10* 1-000 _ 
10° 1-003 0:3 
106 1-317 31-7 
10” 32:7 3270 


The increase is seen to be < f?. Itis much greater for a conductor 
of small cross-sectional area, such as the wire considered, than 
for a carbon resistor of perhaps 0-3 cm radius. Even carbon 


28 


ALTERNATING CURRENT 


resistors, however, show an increase in resistance above the 
nominal value at high frequencies. 
(ii) Inductance. Suppose a current, represented by 


i= J,,8inwt 


flows through an inductor of L henrys which has negligible 
resistance. An e.m.f. is induced, es ;, of value: 


es, = —L.difdt = —wL.I,coswt 
= wll, sin (wt — 7/2) 


TIME 


Fig. 2.7. Alternating voltage and current relationships in a purely inductive 
circuit. Vector diagram 


The induced e.m-f. thus Jags behind the current by 2/2. Now 
the current i is maintained by the applied e.m.f. e, which just 
balances the ‘back-e.m.f.’ €s.1.. Since 


és1. = —wLl,, cost 
e = wll, coswt 
wLI,, Sin (wt + 7/2) 


and the applied voltage leads the resultant current by 7/2. In this 
case current and voltage are out of phase by 7/2, as shown in 
Fig. 2.7. 


| 
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The amplitude of the current is J,,; that of the voltage is 
wLI,, ie. En=oLI_; we could express the voltage—current 
relationship in this circuit in the alternative form: 


e= E,,sinwt 


i 


ll 


By 
ore (wt — 7/2) 


We may compare the term: E,,/(wL), with that for the current 
ina resistive circuit: E,,/R. Evidently, wZ behaves rather similarly 
to Rin determining the current which results from the application 
of a given voltage; it is called the reactance (symbol X;) of the 


L R 


2= / Rew? 


R 


Fig. 2.8. The L-R series circuit, with sinusoidal supply voltage, e= E,, 
sin wf, Impedance diagram 


coil, and its value varies directly with frequency. X71 is measured 
in ohms; for example, a 0-1 H coil has a reactance of 31-5 Q at 
50 c/s, which increases to 630 © at 1000 c/s. Unlike resistance, 
however, the reactance does not give rise to heating, and conse- 
quently to power loss. Energy is stored in the magnetic field of 
the coil, and returned to the generator when this field collapses; 
and j=" sinut, is called a wattless current. The question of 
power in reactive circuits in general will be dealt with later (p. 45). 

An actual inductor will have a resistance, so that it may be 
represented by a series L-R combination. Now in a purely resis- 
tive circuit, e and i are in phase, whilst in a purely inductive 
circuit, e leads i by 7/2, i.e. voltage and current are in phase 
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quadrature. We might expect, then, that in a circuit containing 
both resistance and inductance, e will lead i, but by a phase-angle 
¢ between 0° and 90° (x/2 radians). If 


e=E,,Sinwt, i= T,, Sin (wt —¢). 


The applied e.m.f. e overcomes the e.mf. of self-inductance of 
the coil, and also produces a voltage across the resistance, i.e, 


e@ = @r—es 1. 


E,Sinwt = RI, sin (wt — $) + wLI,, cos (wt —¢) 


@zoLIn cos (at-d) 


@= ZImsin, wt 


e,=RImsin(ct -Q) 
> i= Insin(ot-¢) 


Fig. 2.9. Voltage and current diagram, series L-R circuit 


This is the equation of the L-R Series circuit shown in Fig, 2.8. 
To evaluate 4, we put (t = 0); then 


0 = —RI,,sin¢ + wLIJ,,cos ¢, sothat¢d = tan~! wL/R 
To evaluate J,,, put (t = ¢/w), so that (wt—¢) = 0; then 
E,. sing = wLI,, 
Now sing = wL//(R? + w?L?) 
hence Im = Em|/(R? + w? L?) 


The analogue of reactance for this circuit is a composite 
term, the vector sum of resistance R and reactance w1., called the 
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impedance (symbol Z), also measured in ohms. A complete 
expression for the current flowing in the circuit is: 


i= = .sin(wt—¢) 


where Z = V(R*+0°L?) 
and ¢é = tan 'wL/R 
the angle by which the current lags behind the voltage (Fig. 2.8). 


Example 
In the circuit illustrated in Fig. 2.8, if L = 0-1 H, R= 493 Qande = 10 
sin (200071): 
Z = +/[(493)* + (20007 x 0-17] (i.e. f = 1000 c/s) 
= /[(493" + (630)7} 
= 8000 


¢ = tan! 20008 x0 = 0-9 radian, or 51-9° 


Power dissipated in the resistance, P watts, 
= Rx(r.m.s. current)? 
= Rx (I, 0-707)" 


(12:5 x 0-707)? 


= 493 x (1000) 


ie. P = 38-5 mW. 


(iii) Capacitance. If a voltage e= E,,Sinwt is applied to a 
capacitor of capacitance C farads, and of zero resistance, the 


current 
i = dq|dt = C.de/dt 


It 


C.wE,, cos wt 
wC. Em sin (wt +7/2) 
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So that here the current /eads the applied voltage by 7/2. At time 
(t = 0), i= J,, = wCE,,, and thus the reactance AX, of this circuit is 
1/(wC) Q, since E,,/(1/aC) = In. 

As in the case of inductive reactance there is no power loss; 
the current is limited by the opposing e.m.f. of the charge stored 
in the capacitor. The capacitative reactance is inversely propor- 
tional to frequency; thus, a condenser of capacitance 0-1 uF has 
a reactance of 30 kQ at 50 c/s, but of only 1500 Q at 1000 c/s. If 
there is a resistance in series with the capacitance, the current 
again leads the voltage, but by an angle less than 7/2. This 
circuit is illustrated in Fig. 2.10. 


C R 


@ 


Fig. 2.10. The C-R series circuit, with sinusoidal supply voltage, e= E,, 
sin wt 


If the supply voltage e = E,,sinwt, and the current leads the 
’ voltage by the phase-angle ¢, 
i= I,,sin(wt+¢) 
and = €rtec 
where vectorial addition is implied by the bar signs. Hence: 
E,sinwt = RI,sin(wt+¢)+J,sin (wt+¢)/wC 

= RI, sin (wt + ¢) ~I,cos (wt +¢)/wC 
at f = 0, the equation becomes: 

0 = RI, sind —I,,cos d/wC 
so that ¢ = tan“! 1/wCR. 
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At t= —¢/w, the equation reduces to: 


—E,,sin¢d = —I,/wC 
so that I, = oC.E,,sin¢. Substituting for sing: 
In = Em] \/(R? + 1/a? C?) 
The instantaneous value of the current i is given by: 
i = E, sin(wt+4)/Z. 
where Z = \/(R? + 1/w?C?) and ¢ = tan~*1/wCR (Fig. 2.11). 


R 


Fig. 2.11. Vector diagram of reactance and impedance in C-R series 
circuit 
Example 
If in Fig. 2.10, C = 0-1 pF, R = 2000Q and e = 10sin (20007. t), 
Z = /[(2000)* + (107/200077)?] 
= 25500 


The current leads the voltage by tan~' 10/47 =0-67 radian, or 
38° 23’. The peak current is I, = E,,/Z = 10/2550, or 3-92 mA. The 


power dissipated in resistor R 
= Rx(r.m.s. current) 
= 2000 x (0-707 I,,) 
= 2000 x (0-707 x 3-92/1000) 
= 15-4mW 
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(iv) The R-L-C series circuit. In the circuit of Fig. 2.12(a), 
suppose an applied voltage e=E,,sinwt causes a current 
i= [,,Sin(wt—¢) to flow, where ¢ may be —ve (i leading e) or 
+ve (i lagging behind e). The sign of ¢ will depend upon the 
frequency of the applied voltage, as compared with the resonant 
frequency (p. 37). 

Now é = eg+ (ez ~ éc), the sign ‘~’ signifying that the lesser 
voltage is to be subtracted from the greater. Then: 


E,,Sinwt = RI, Sin (wt —$) + wL J, cos (wt — 4) 


In 
50S (wt—¢) 


At time t= 0: 

0= —RInsin $+ (Ly 2.) cos 
and . d = tan- et Cie) 
Att=d/w: 


: 1 
E, sing = («2-2 Ln 


Fs En o [wL —(1/wC)] 

" [wl —(1/wC)]~ V{R?+ [ol — (1/wC)P} 
So that the impedance Z of this circuit is given by: 
Z = V{R?+ [wl -(1/o)P} 


The vector diagram is shown in Fig. 2.12(6). The current i may 
therefore be expressed: 


and 


i= 2 sin(wt— 4) 
where Z = V{R°+[wL —(1loO)P} 
and ‘fe eneee= C/o) 


If wL is greater than 1/wC, ¢ is positive, and i lags behind e~the 
circuit behaves like the L-R circuits previously considered. If 
wL is less than 1/wC, ¢ is negative, i leads e; the circuit behaves 
similarly to the C-R circuits previously considered. 
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e@ 


(a) 


@,=wLIm cos. (wt -@) 


E=(wL- az)cos(wt -D 
2@=ZImsinwt 


i=Im sin (wt -@) 


—Im ) 
@= 7 cos.(wt-@ 
() 
Fig. 2.12. (2) The L-C-R series circuit, with sinusoidal supply voltage, 
e=E,, sin wt. (6) Vector diagram 
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A very important special case arises when wL = 1/wC. dis now 
zero, so that i and e are in phase. Also, Z = R, and I, = E,,|R, the 
reactances cancelling; the circuit thus behaves as though only 
resistance R were present. 
The condition wL = 1/wC defines an w, which we denote by 
wo, Such that wo= V/(1/LC), or a frequency fo, defined by 


1 
f= (5. V(1/LC), where fo = wo/27. This particular frequency is 


XL 


Fig. 2.13. Reactance and impedance of the L-C-R series circuit, as func- 
tions of frequency 


called the resonant frequency of the circuit, and we say that the 
circuit resonates (or is in a state of resonance) at this frequency. 

At frequencies less than fo, 1/wC is greater than wl, and most 
of the applied voltage lies across the capacitor C; at frequencies 
greater than fo, wL is greater than 1/wC, and the voltage is pre- 
dominantly across the inductor L. The impedance-frequency 
relationship is illustrated in Fig. 2.13. 

The current flowing in a series L-C-R circuit attains a maxi- 
mum value, and the impedance of the circuit a minimum value, 
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at the resonant frequency fo. In general, the impedance at 
resonance is denoted by Zp; for the series circuit, Z) is evidently 
equal to the resistance R of the circuit. 


Example 


Referring to the circuit of Fig. 2.12(a), if Es 0-01 H, C=0-01 pF and 
R=100Q: 


resonant frequency fg = 1/27. +/(1/LC) = 15-92 ke/s 
If the supply voltage is given by e = 10 sin wt: 


for w = 27.15,9201, ie. f= fo, the peak current at resonance, 
I2 = E,,/R= 100 mA. 
for w=27.12,000t, f=12 ke/s ie. below fo, wl =752 Q, 
1/wC = 1330Q and impedance Z = 4/[R?+(Xc— X,)"] = 586Q. 
The peak current I, = E,,/Z = 17-1 mA, and i leads e by tan—! 5-8, 
i.e. by 80° 14’. 
for w = 27.20,0001, f= 20 ke/s i.e. above fy, wl = 1257Q and 
1/wC = 796 Q. 
The impedance Z is now 480 ©; for w = 27.20,0002, the peak current 
In = 21-2 mA; e now leads i by tan~! 4-7, ie. by 77°. 
(v) Parallel circuits. These are more difficult to deal with; for a 
complete treatment, see reference, p. 51. In outline the problem 
may be treated as follows: 


Fig. 2.14. The L-R parallel circuit, with sinusoidal supply voltage, 
e=E,, sin wt 


In the case of the L—R parallel circuit (Fig. 2.14): 
1/Z? = 1/R’+1]e*L? - 
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and i= iptiz = E,,/R.sinwt + £,/oL.sin (wt —7/2) 


where i is the vector sum of i, and ig, the subscripts showing 
through which component a particular current flows. 


Tn = E,,[Z = En. V/(R? + 0? L?)/RoL 


Similar considerations apply to the C-R parallel circuit. 


Fig. 2.15. The L-C parallel circuit, with supply voltage e= E,,sin wt 


We consider next the L-C (resistanceless) case (Fig. 2.15): 
i, = E,,{/oL.sin (wt — 7/2) 
i, = E,,wC.sin (wt + 7/2) 


the subscripts having their previous meanings. Hence the resultant 
current through the generator i is given by: 


i= E,(1/wL ~ wC)sin(wt+¢) 
where, for wl < I/wC, 
$ = —n/2for (ir > ic) 
and, for wl > 1/aC, 
¢ = +7/2 for (i, < i.) 


The circuit impedance Z = E£,,,/I, = 1/(/wL ~ wC). We can 
again consider (wZ = 1/wC)as defining the condition of resonance 
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and the resonant frequency fo for the circuit; fo = 1/2m4/(1/LC) 
as before. At this frequency (1/wZ—wC) is zero, and hence Zy 
is infinite; no resultant current flows in this circuit at resonance. 
The impedance relationships are shown in Fig. 2.16. 


LEADS & 


f 


Fig. 2.16. Components of current and impedance of the L-C parallel 
circuit 
Example 
If C=0-01 uF and L = 0-01 H, the resonant frequency is 15-92 ke/s, 
as for the series circuit. 
At f= 12 ke/s: wL = 2407, = 754Q; 1/wC = 105/247, = 1326Q. 


For an applied e.m.f. of peak voltage=10 V, i, = 13-3 mA, 
ic = 7:5 mA and i = i, — ic = 5-8 mA, lagging behind e by 7/2. 
At f= 14 ke/s: wL = 2807, = 8800; 1/wC = 109/287, = 11362 
and i= 2:6 mA, lagging behind e by 7/2. 
At f= 18 ke/s: oL = 3607, = 11310; 1/wC = 10°/367, = 884 Q, 
and i =2-6 mA. leading e by 7/2. 
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However, an inductor L always contains resistance, R;,, so that the 
practical circuit is as shown in Fig. 2.17. 


4e2e@,wC. Z 
~ 
es Cn 


() 
Fig. 2.17. (@) The L-C parallel circuit, with resistance in the inductive arm. 
(6) Vector diagram 
We now have: 
: Em , 
TRE FE OP) 
where ¢ = tan”! wL/R, and ic = E,, oC.sin(wt +7/2). The resultant 
current through the generator i is the vector sum of i, and ic; and 
In = V/[Uzsing ~ 1.) +IZcos*¢] 
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In the general case, as shown in the circuit of Fig. 2.18, both the 
inductive and capacitative arms contain resistance; the component R, 
may be an added circuit component, or may represent ‘leakage’ of the 
capacitor C, as explained on p. 49. 


Fig. 2.18. The L-C parallel circuit, with resistance in both arms 


The vector diagram for this circuit is shown in Fig. 2.19. For an 
applied e.m.f. e = E,,sinwt: 


i, = ee Se 

tS VRE+ oD) 

ic = Em 

© V(RGF To? C7) 
The resultant current iis the vector sum of i, and ic. 

In the general case under discussion we define resonance by the 
condition that i is in phase with e; this is no longer equivalent to 
(wl =1/wC). The out-of-phase components of the current must 
therefore cancel, i.e. 


.sin(wt—¢,) = i,.cos¢,+iz.sin gd, 


sin(wit+dc) = ic.cosdctic.singds 


ic. sings = i,.sin dr. 
1/wC 
a/(R2+ 1/w* C?) 
: ol 
ing. = RPP) 
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And sin gc = 
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so that the condition for resonance is: 


Em . 1/wC om Em 2 ol 
V(Re+ Ifo? C?) V(RE+ Va? C?) ~ 9/(RE+ oP LD?) (REF oD) 


from which we derive 


L—R?C L—-CR? 
2 L ‘ SAS L 
“= TC—TCR 12m. | (a coe) 
If, as is usual, R- is comparatively small, 


Jo = 1/2a.4/(1/LC— RPL’) 


Lo SiN D = Le 


rs - Ww 
L, cosPp =k. 


Fig. 2.19. The L-C parallel circuit—vector diagram. General case of 
Tesistance in both arms 


this assumption is in fact a return to the circuit of Fig. 2.17. Thus, the 
resonant frequency of a parallel L-C-R combination is less than that 
of the same components in series, by the term (R?/Z”). If R, and Reare 
both small, we have the ideal case of purely reactive components 
(Fig. 2.14); the resonant frequency is now fy = 1/27. s/(1/LC). 


Returning to the practical case of Fig. 2.18, iand e are in phase 
at resonance, but the impedance at resonance, Zo, is no longer 
infinite; since the out-of-phase components cancel, the current 
at resonance, ig, is given by: 


ig = (ic. cosp+iz.cos p).Sin wot 
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The amplitude of this current is 72: 


_ Em F Re 
~ /(RE+ 1/3 C?) (CR? + 1/03 C?) 


eee 
V(Ri+apL’) V(Ri+ oGL’) 


= ern ie = a 
7 E,.(ae5 1/w% ota) 


Hence Zp, which = E,,/I° 


Tn 


ee ee 
~ \R24+1/w3 C2 ° RP +arL? 
which is the general expression for the resonant impedance Zp. 
If as before Rc is small, so that w3 C? R2 <1, and if in addition 
the reactance of the coil is much greater than its resistance, so 
that w) L > R,, we have 
Zo = (03 C? Rot R,/wsL’)“! 


and = w3 = 1/LC—R2L? 


ie. = Zo = [Rc. C/L— RE Rc C7]? + Ri (LIC— RP}! 
HC _ 
“RRA LICR, 


This approximate value of Zp is sometimes called the dynamic 
impedance of the circuit and is represented by Rp; for Ro=0, 
R, = Rand Rp =L/CR. 


Example 
For the circuit of Fig. 2.17, if LZ = 0-01 H, C= 0-01 uF, R = 200Q, the 
resonant frequency 

So = 1/2ms/(1/LC — R3/L?) = 15:58 ke/s. 


If R, is decreased, fy increases slightly; when R is zero, fy = 15-92 
kc/s. The dynamic impedance Zp) = L/CR = 5000 Q at R=200 Q, 
increasing rapidly as R decreases to zero. If E,,=10 V, then with 
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R= 200 Q, the peak current at resonance J,° = 10/5000 = 2-0 mA. 
This current is made up of two components, J? in the capacitative arm 
and J? in the inductive arm, which are given by: 


If = 10/(1/wC) = 9-79mA 
leading the applied voltage by 7/2. 
I? = 10/s/(R? +L?) = 10-01 mA 


lagging behind the supply voltage by the phase-angle ¢,, where 
dr = tan—! wL/R = 78° 24’. And the resultant current is 


I2cos¢, = 2:02 mA 


compared with the value 2:0 mA derived from the approximate 
value Zy = L/CR. 


Power in Alternating Current Circuits 
Ina direct-current (d.c.) circuit, the product of current and voltage 
is power, available for doing work, and denoted by the symbol P; 
if the current is in amperes and the voltage in volts, P is in watts. 
Under alternating conditions, the product of r.m.s. values of 
current and voltage gives the apparent power, S, measured in 
volt-amperes ; this is the maximum power which could be drawn 
from the circuit if the current and voltage were in phase. We can 
show this as follows: 

If voltage e and current i are in phase, and e = E,,.coswt, so 
that ei = E,,1,.Cos*wt = 1E,In.(1+cos2wt), the mean power 
per cycle, 


2n/w . 
Pee oe 1 
p= Darfeo’ | a(1 +08 2ut). dt 
0 
a © ppale Em Im 
= Emlm.a- [tls 5) 


= EI 


where £ and J are the r.m.s. values. The term (cos 2wt) in the 
expression for f shows that the power frequency is twice that of 
the voltage and current. 

Frequently, however, as we have seen, e and iare not in phase; 
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e.g. if e= E,,coswt, i=1,.cos(wt—¢), the seme leads the 


current by a phase angle ¢, and hence: 
27/u 


paar | cos wt.cos(wt—¢).dt 
; 2niw 
= Fnlne [ the0s Qur—4) +4054]. a 


Fig. 2.20. Power relationship in the reactive circuit 


The result would obviously be the same if ¢ were an angle of 
lead, so that, in general, a phase difference between current and 
voltage reduces the available power by the factor (cos¢), called 
the power factor. As ¢ increases, p decreases, becoming zero for 
¢ = 7/2, i.e. when current and voltage are in phase quadrature. 
It is the nature of the load to which the supply is connected —i.e. 
the ratio of reactance to resistance—which determines ¢, so that 
we speak of the power factor ‘of a particular load’; maximum 
power is developed in the load only if it is effectively resistive. 
In Fig. 2.20, curves are drawn for 
e= E, sinwt, i = [,,sin(wt+7/4) and p = 
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The shaded area under the p-curve represents negative power, 
i.e. power stored in the inductor field or in the capacitor. The 
useful power is thus represented by the difference in area of the 
shaded and unshaded areas under the p-curve, which is 


End 
2 


and the shaded area represents stored, or ‘wattless’, power, 
symbol Q’. The product (E,,J,,)/2 is the apparent power S, in 
volt-amp; (£,,I,cos¢)/2 is the true power, P, in watts. 

A wattmeter measures the useful power expended in a given 
load or in a component of a circuit, and this instrument is illus- 
trated in Fig. 2.21. The ‘fixed’ coil CC carries the current passing 
through the load, and the ‘moving’ coil VV in shunt with the load, 
passes a current proportional to the voltage across the load. The 
torque developed between the two coils is proportional to the 
product of current through, and voltage across, the load, i.e. 
to E.I.cos¢, where Eand Jare ther.m.s. values. 


.COS 4) watts 


Example 


In the series circuit of Fig. 2.12, if L=0-01 H, C=0-01 pF and 
R= 100, the resonant frequency fp = 15-92 kc/s. At f= 17 ke/s 


Z = V/[R’+(eL—1/eC)’] = 1660 
If the supply voltage e = 50 sin (34,000zt) 
I, = E,,/Z = 0-302 amp 


Apparent power S = FnJn = 7-55 volt-amp 
RI? 
True power P = aa 4:56 W 


Wattless power O’ = (S—P) = 2:99 volt-amp 
Power factor cos# = R/Z = 0-604 


And Scos ¢ = 4:56 W = P, as before. 

At this frequency, the circuit behaves inductively; the power factor 
could be ‘corrected’ (brought nearer to unity) by the introduction 
of more X, into the circuit. If C were reduced to -0091 uF, Z at 
17 ke/s = 107 Q and cos ¢ = 0-935; S = 11-7 volt-amp, P = 10-9 W. 
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Fig. 2.21. The wattmeter in circuit. Measurement of power dissipated in 
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The Power Factor of Capacitors 

If a capacitor has a high-resistance leakage path between the 
plates it cannot be adequately represented by the symbol of 
Fig. 2.22(a), but must be replaced by the parallel circuit of Fig. 
2.22(b), where R,, C, are components of the combination which 
represents the behaviour of the ‘leaky’ capacitor. If the im- 
pedance of this circuit is Z,: 


W/Z, = V[(@C,P +(/R,)] = 1/RlV(1 +? C3 Re) 


and the current through C, leads that through R, by the phase- 
angle ¢,, where $, = tan~! wC,R,. The subscripts ‘p’ here denote 
the parallel circuit. 


Cy=*Cp 
C 

Rp 

c 
I | 
R22 > 

t= (ace) 
e 1) co) 


Fig. 2.22. Equivalent series and parallel C-R combinations 


Now such a combination may be replaced by a series circuit 
having the same behaviour, but involving new components C, 
and R, (Fig. 2.22(c)). We now have: 


Z, = V(R3+1/u? C2) 
$, = tan! 1/wC, R, 


where ‘s’ denotes the series combination. For the two circuits 
to be equivalent, at frequency w/27: 


R241]? C2 = R2/(1 +0? C2 R2) 


Le. Z, = Z, and 
l/wC,R, = oC, R, 
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Le. , = $,. Hence, 


1 
B= B(rearcrR) 


and 


1 
C= G(l+srcrR) 


If the ‘leak’ resistance R, is very high, R, > 1/wC,, and we have: 


Example 
The series circuit of Fig. 2.22(c) is equivalent to the parallel circuit of 
Fig. 2.22(6), in which a 0-01 pF capacitor has a leakage resistance of 
100 kQ at 10 ke/s, if C,, the series capacitor, is also 0-01 pF, but R,, 
the series resistor, is 25 Q. The current leads the voltage by the phase- 
angle ¢, where ¢ = tan! 1/wCR, = 89° 6’. 

If the peak value of the supply voltage is 50 V, and this is applied 
across the circuit, the peak current 


In = En.oC = 50x 27/104 = 31-4mA 
The power dissipated in R, is: 


Emdn 
2 


.cos¢d = 50x 31-4/2 x 0:0157 


12:3 mW 


Comparison of Powers: the Decibel Scale 


If we measure the power dissipated in a load R, on two different 
occasions, we can express the change in power over the time 
interval between the measurements by the ratio P2/P;, i.e. the 
ratio of final power to initial power. It is more convenient for 
most purposes to express the ratio on a logarithmic scale, rather 
like the ‘pH’ scale which is used to express hydrogen ion 
concentration. 

If P2/P; = 10*, then the ratio of P,:P; is said to be x bels, or 
10x decibels (abbreviated to db). Thus: 


logio P2/P; = xbels; 10logioP2/P; = (10x) decibels (db) 
50 
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ALTERNATING CURRENT 
For example, if P; = 10 mWand P, = 500 mW, wecould refer toa 
gain of (10 log 500/10), or 17 db, over the period of time between 
measurements. If P; = 500 mW, P, = 10 mW, we could refer toa 
loss of 17 db, or a gain of — 17 db, over the period. 

A high-gain amplifier, developing 50 mW of output power 
from an input of 5 uW, has an overall gain of (10log 10‘), or 40 
db. Power is proportional to (voltage)’, so that 


E3/Ry 


P2/[P, = 
oP = TAR 


If Ry = Ry, P2/P, = E3/E} and 
10log P,/P; = 10log(E,/E;)* = change in db 


Hence the voltage gain in db =20logE,/E,. For example, 
using the previous notation, if E,; = 10mV, E, = 500 mV the 
gain = (20 log 500/10) = 34 db if both voltage measurements are 
taken across the same load resistance. 

If R; and R, are not equal the resistance change must be taken 
into account. Suppose the input voltage of an amplifier is 5 mV 
across 600 Q and the output is 2:5 V across 50 Q, then 


_ 254/50 
= 0-0052/600 


and the amplifier gain is 10log(3 x 10°), or 65 db. Considering 
the voltage, of course, there is a gain of 500. 


P,/P; = 3x 10° 
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Problems 
1. Calculate (a) the frequency of a micro-wave oscillator of wave- 
length 3 cm; (6) the wavelength of the V.H.F. broadcast at 93-5 Mc/s. 
Answer. (a) f = 10* Mc/s; (b) A = 320 cm. 
2. Draw an impedance triangle for an L-R series circuit which - 
passes 200 mA r.m.s., and dissipates 12 W, on a 50 c/s 100 V r.m.s. 
mains supply. 
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(R = 300 Q; wh = 4000; ¢ = 53° 8’) 

3. A resonant circuit consists of L = 1 mH, having R = 20 Q, in 
series with a variable capacitor. Ane.m.f. of 1 V at 100 ke/s is induced 
in the coil; what must be the value of the capacitor to produce re- 
sonance with this e.m.f. and what will then be the p.d. across this 
capacitor? 

Answer. C = 2500 puF; V = 31-4 V. 

4. An inductor of 0-01 H is connected in series with a capacitor of 
0:01 uF and a resistor of 100 Q, Calculate the magnitude and type of 
the impedance at 10 kc/s and at 20 ke/s; the resonant frequency; and 
the power developed at resonance in the resistor, from a voltage 
source of amplitude 10 V. 

Answer. At 10 ke/s Xcapacitative = 954.Q; at 20 ke/s Xinductive = 485Q; 
So = 15:9 ke/s; W=0-5 W. 

3. A current of 0-5 amp is taken from 250 V 50 c/s mains by an 
inductor; the power factor is 0-6. Calculate the total current and power 
factor when a 4 wF capacitor is connected in parallel with the coil. 

Answer. 0-312 amp; cos ¢ = 0-96. 

6. Find the power factor, true power and apparent power, for a 
circuit consisting of a 2 mH inductor in series with a 0-001 pF capacitor 
and a 100 Q resistor subjected to a voltage e = 50 sin 10° t. 

Answer. Cos ¢ = 0-1; W = 125 mW; apparent power = 1250 mW. 
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CHAPTER III 


Tuned Circuits 


Tuned Circuits 


The resonant frequencies of series and parallel circuits may be 
varied by variation of either the capacitance or the inductance in 
the circuit. 

Variable capacitors are generally air-spaced; the degree of 
rotation is often indicated on an engraved dial. If the ‘law’ of 
the capacitor is C = k§?+ Cy, where @ is the angle of rotation 


SHARPLY TUNED FLATLY TUNED 


Sees Se reso e - ly 


i) 
I 
‘ 
| 
! 
t 
I 


f, 


, Fig. 3.1. Selectivity curves of tuned circuits 


from the minimum (fully-closed) position, the dial may be directly 
calibrated in frequency (since this is approximately proportional 
to 1//C). 

Fine adjustment of frequency is usually made by varying the 
position of a high-permeability core, or ‘slug’, within the coil; 
the adjustment must be made with a non-metallic screwdriver. 

The change in the impedance Z for a small change in frequency 
about the resonant frequency fa, ice. (dZ/df)o, is a measure of 
the sharpness of tuning, or selectivity, of the resonant circuit. 
Circuits of very different selectivity produce the response curves 
of Fig. 3.1. 
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Q-factor 
The ratio (reactance)/(resistance) for a component (= X/R), or 
of (impedance)/(resistance) for a circuit (=Z/R) is called the 
magnification-factor, or the Q-factor, of that component or 
circuit. Thus, the Q of an inductor Q,; = wL/R; Q for a capacitor 
Q. = 1/wCR. 

At resonance the circuit would develop a voltage E? across the 
inductor, where Ef = X?.I° = w°L. E,/R = OE m (the superscript 
° refers to the values of the parameters at resonance). Similarly, a 
voltage E2 is developed across the capacitor: 


E& = (1/wo C).Em/R = QtEn 


low 


LE&O0I1H 


OOlpF 
Fig. 3.2. Admittance-frequency curve of series resonant circuit 


Since wp = /(1/LC), O° =(L/R)+/(1/LC). Hence 
Q° = (1/CR)V(LC) = (1/R) V(L/C) 


which defines the Q-factor of the circuit at resonance. The magni- 
fied voltages across ZL and C are given by the product of the 
Q-factor for each component and the supply voltage. At reso- 
nance, QO? = Q% = Q° for the circuit. 


Example 

For a series circuit with L = 0:01 H, C=0-01 pF, R = 10Q (Fig. 3.2), 
Q° = 1/10. «/(10—7/10~*) = 100. A supply e.m.f. of 1 V peak value at 
the resonant frequency (15-92 kc/s) develops 100 V across both L and 
C, these voltages being in phase opposition. As R increases, Q° 
decreases: Qx 1/R. 
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In this example the peak current at resonance /,° is 100 mA. Suppose 
that, at two frequencies f, and fi, I, = 19/4/2, i.e. 0-707 1°, where h 
and f; lie on either side of the resonant frequency fo. We may then 
write: 
Ge. In at f= fi, < fo) = Em/V/{R?+(1/o, C—,L)?] 
and 
By (1. Im at f = fa, fo > fo) = Em//[R?+(w.L— 1/02 CP] 
And J, = Lh = In//2 = Emn/[-/(2). R] 
Hence R?+(1/w,C—w,L) = 2R?, which may be solved for «: 


wo, = CREV(C2R’ +410) 
ez 


2LC 
uss ~CR+/(C? R°+4LC) 
1 pf crm FS, ecco rca 
similarly, w Tal 
and (w2.—w,) = R/L 


for the circuit. 
Returning to the circuit of the previous example, since 
Q° = 100 and fo = 15-92 ke/s, 


(w2— 1) = wo/Q° = 1ke/s 

(A—-fi) = 1/2rke/s = 0-16 ke/s 
And Ki = fo—0-08 = 15-84kc/s 

fr = fot+0-08 = 16-00ke/s 


If we plot the admittance of this circuit Y (Y = 1/Z) against 
frequency, we obtain the ‘response-curve’ of Fig. 3.2 with a 
maximum admittance Yo at f = fo. The frequency interval (f, -/f{) 
is called the bandwidth at 0-707 Yo; since 


Q? = w/(w2.— 1) = fol(h-A) 


this bandwidth is given by /o/Q°. Alternatively, the Q-factor of a 
series circuit at resonance may be found by measuring the 
resonant frequency and the bandwidth at 0-707 Yo. 
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If, at frequencies f; and fy, Y3 = Y4 = Yo/2, we may easily show 
that (4-—/) = /().R/2aL. Similarly, at frequencies f; and f,, 
where (fé—fs) = 2(/2 fi) = 2. R/27L, the admittance 


Ys, 6 = Yo/ Vv 5 
These frequencies are listed in Table 3.1 for the circuit of Fig. 3.2. 
Since 
Wo Sr 


0 _ _Jo 

zs (h-f) 

a high value of Q° corresponds to a small difference (f, —/,), and 
hence to a sharply tuned, or highly selective, circuit. 


= (w2 — 0) 


TABLE 3.1 
(Q° = 100) 
Y P 
Frequency ke/s (Q74) (db) 

fo 15-92 0-10 0 (= Py) 
fi 15-84 0-071 —3 
h 16-00 0-071 = 
% 15-78 0-05 26 
ta 16-06 0-05 —6 
; 15-76 0-045 7 
4; 16-08 0045 —7 


As Y decreases, so I,,(= E,, Y) decreases. Now the power P 
is <]?, so that at f, and fz, P= Po/2, and at fj and f, P = Po/4. Since 
the power ratio in decibels (p. 50) is 10 log Ps/P,, where Pg 
and P, are the powers compared, we may express the power 
reduction in the circuit as the frequency varies from fo in deci- 
bels, as in the last column of this table. 

The bandwidth of this tuned circuit is 0-28 kc/s at — 6 db, so 
that all frequencies within + 0-14 kc/s of fo are accepted with a 
maximum attenuation of 6 db. If R increases, Q° decreases; for 
R= 100 Q, Q° = 10. The selectivity of the circuit is thus very 
much reduced, and the bandwidth at —6 db has increased to 
2:7 ke/s. 

For a parallel resonant circuit Zp) = L/CR and Q° = wo L/R, 
so that Z) = Q°/woC = Q°.Xc, where X¢ is the capacitative 
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reactance (p. 33). Also, @° =(1/R). \/(L/C), so that Z) =R. Q. 
In this case the variation of impedance Z with frequency follows 
closely that of admittance Y in the series case; in particular, 
a similar bandwidth/db relationship holds. 


The Universal Resonance Curve 


A convenient means of comparing the response of a tuned circuit 
at resonance with the response at some other frequency is pro- 
vided by the universal resonance curve. Consider a series resonant 
circuit; at any frequency, the impedance Z is given by: 


Z= v[R?+(wL—-1/wC)] = Rv [Il +(wL/R—1/wCR)] 
And 
Q° = wL/R = 1lwoCR 
so that 
Z = Ry[1 + (wQ*/w — wp Ow?) 
= Rv[l+ (FO lfo—fo Qf") 


We represent the quantity (f6~f)/fo by the symbol 6; then 
Sifo = 1-8 and fo/f=1+8. Hence 


Z = Ry [1 +[(1+8) Q°- (1-8) OF) 
= Rv[1+2Q°8)] or Z/R = 1lIn = V{1+(20°S)] 
For a parallel resonant circuit Z/R = I,,/18, so that in this case 
InlIm = V1 +(2Q°S)?] 
This function is plotted in Fig. 3.3, for Q° = 100, with 8 as the 


independent variable. 


Examples 

(1). For a series circuit of Q° = 100, what is the attenuation at 
FS =fot50 ke/s, if fo = 465 ke/s? 

Here 6 = 50/465=0-108. From the figure, °/I_= 1-675 or 
Im = 0°57519. 

(2). What is the bandwidth of a parallel circuit at Z = 66 % Of Zo, 
if Q° = 100 and fy = 10 Mc/s? 
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At Z/Z = 1/0-66 = 1-50, the graph gives 5 = 0-088: 


aoe = 0-088 and 10—f, = 0-88 


so that /2—/{=1-76 Mc/s, the required bandwidth. 


UNIVERSAL RESONANCE CURVE 
ihe 
(series) 
Inf = = 26 Q"=100 
z 


m= 


(I) 


Im 


20) 


° ol O2 03 o4 
Fig. 3.3. Universal resonance curve 


Acceptor and Rejector Circuits 
It is not necessary that the resonant circuit should contain a 
generator; an e.m.f. may be induced in it by mutual coupling 
through a transformer to the generator circuit. If the frequency 
were sufficiently high, the e.m.f. might be induced directly by 
electromagnetic radiation—as in the aerial circuit of a radio 
receiver. The voltage—current relationships previously derived 
will still apply, according as the circuit is a series-, or a parallel- 
resonant circuit. Such tuned circuits are common in electronic 
equipment. 

For example, an unwanted signal at a pick-up probe could be 
eliminated by connecting a series resonant circuit (‘acceptor’ 
circuit), tuned to the frequency of the unwanted signal, from the 
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probe to earth. Alternatively, the capacitance of a capacitor 
is often measured by incorporating it, together with a known 
inductor to form a parallel resonant circuit (the ‘rejector’ 
circuit). Applying a voltage source of variable frequency to the 
circuit, that frequency at which maximum voltage is developed 
across the circuit (Z is amaximum = Z,)is the resonant frequency 
and its measurement enables the capacitance to be evaluated. 
This procedure is often used to determine the dielectric con- 
stant of the medium between the capacitor plates (p. 271). 


C2 


WAVE - TRAP 


Fig. 3.4. The wave-trap and its response curve 


The characteristics of both acceptor and rejector circuits are 
combined in the wave-trap shown in Fig. 3.4. The variable 
capacitor C; is adjusted so that ZL, C, form a series resonant 
circuit at frequency f,; C, is then adjusted so that the complete 
circuit is parallel-resonant (‘antiresonant *) at frequency f;. Thus: 


atwt = 1/L,C;,Z, = 0,80 that if w, = 1/+/(L; C,) no volt- 
age is developed across the circuit. 
at ws = (Ci + Cy)/(L,C, C), Zz, > «©, and for 


wo = 1//[(LZ1C,C,)/(C, + C,)] 
maximum voltage is developed across the circuit. 
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Coupled Circuits 


Suppose that the generator, for example a valve oscillator 
(Chapter VID), produces e.m.f.s of several frequencies, only one of 
which is required. We could ‘filter-out’ the other components 
by applying the complete e.m.f. to a rejector circuit tuned to the 
desired frequency; maximum impedance will then be presented 
to this particular frequency. However, a single circuit, unless of 
very high Q° would probably be insufficiently selective to remove 
all the unwanted components. 


PRIMARY SECONDARY 


Fig. 3.5. Mutually-coupled circuits 


Alternatively, we may wish to accept a band of frequencies, 
symmetrically disposed about a mean. A single tuned circuit 
would not differentiate sufficiently between two frequencies, 
one lying just within the band and the other just outside it. 

In both cases it is advantageous to couple mutually the reso- 
nant circuit and the generator circuit, using some form of trans- 
former. This is shown in Fig. 3.5. 

The transfer of energy between the primary and secondary 
windings depends upon the coupling factor k defined by: 


a Mutual reactance 
~~ 4/(Product of all such reactances in the circuits) 


In this case, the ‘mutual reactance’ is the mutual inductance M, 


M 
dab) 
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If the secondary circuit is tuned to Tesonate at a frequency fy, 
the behaviour of the complete circuit is governed by the tightness 
of coupling between primary and secondary-i.e. by the coupling 
factor k. 

If K is very small (less than 0-001), the circuits are described as 
‘loosely coupled’. Little energy is transferred to the secondary 
circuit, and the complete circuit resonates at fo—but with much 
greater selectivity than if the generator were in the output circuit. 


f 


Fig. 3.6. Response curves of loosely-coupled circuits 


This is because the induced e.mf. £,, and the secondary im- 
pedance Z,, are both functions of frequency (for a series circuit, 
Z; is inversely proportional to the frequency), so that the admit- 
tance of the circuit Y, defined by Y= 1,/E,, is more sharply 
dependent upon frequency than is Z,. The ‘response-curve’ is as 
shown in Fig. 3.6. 

If both primary and secondary circuits are tuned to the same 
frequency fo, and the coupling is tight (k greater than 0-05), the 
complete circuit resonates at two frequencies, f, and fy, defined 


by fi = fol VL +4), fr = fol V1 2). 
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The effect of the secondary circuit upon the primary is to 
increase its impedance by the factor 
w k Ly LT, 

22 

so that the primary impedance is given by: 
we M2 

Z2 


wo? M?/Z, = 


Zp =Z,+ 


¢ 


uy 
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Cy. G6: a Ge 


Fig. 3.7. Response curve of tightly-coupled circuit-double-humped curve 


This reduces to Z, = Z, under loose-coupling conditions (k very 
small). As resonance is approached Z, decreases and (w? M’)/Z> 
increases; the minimum value of Z, is reached when 


w? M2 
Zi = Z, 
This condition defines the frequencies fi(=fo//(1+k)) and 
f=folV(—k), which are the twin ‘humps’ of the overall 
resonance curve. At these frequencies, maximum current flows 


.in the primary circuit, and maximum e.m_f. is induced in the 
secondary circuit. 
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The ratio Zp, (i.e. Z, at w = wo) to Z}, (i.e. Z, at w = w,) may 
be shown to be: 


Z} = R, +i M2 R, R3 


X, being the secondary reactance at «1. From w, to a, Z, first 
increases to Z?, then decreases: Z, (at w = w) = Z, (at w = wy). 
Z, increases rapidly as w changes from w,—>-0, and from W2-> 0, 
as seen in Fig. 3.7. 


Example (Fig. 3.8(a)) 
If ZL; = LZ, = 100 wH, M=10 uH, R, (generator internal resistance) 
= 50Q, 

Ci; = C, =100pF and R, = 1000 


the coupling factor 
k= M/V(L,L)) = 10/4/104 = 0-1 
so that the coupling is ‘tight’. 
So = 1/2. ./(1/LC) = 1-59 Me/s 
fh = fol VU+k) = 1-59 x 10/4/1-10 = 1-51 Me/s 
fr = hl VU) = 1:59 x 10°/4/0-90 = 1-68 Me/s 


The bandwidth is thus 170 ke/s. 

In the previous example, Z°/Z}=1-11. For the two maxima at 
w, and w, to coalesce, k = ./(R, R2/wZL,L,); this value of k is the 
critical coupling factor k,, and defines the condition of critical 
coupling. In the present example 


50 x 100 
ce J (amas: 015) ees 


hence for this circuit to become critically coupled we would have to 
reduce the mutual coupling M from 10 wH, so that 


M'/(L,L,) = 0-071 


The new value M’ is thus 7-1 pH. The response curve for the critically 
coupled circuit is shown in Fig. 3.8(b). 

Fora tightly coupled circuit the ratio L( f = f, or Sy) Bf = fo) may be 
shown to be (k? +.k2)/2k.k,, where k is the coupling factor and k, the 
critical coupling factor for the circuit. In this example, L/P = 1-06. 
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Maximum transfer of energy from the primary circuit to the 
secondary circuit is obtained under the conditions of critical 
coupling at frequency fo. Maximum selectivity is attained by loose 
coupling, but the energy transfer is small. A comparatively flat 
response between certain frequency limits (f; and Jz)-the band- 
pass characteristic—results from tight coupling. 


Cc, C2 


Li Le 
Reson : Re 


fo 
(6) 


Fig. 3.8. (a) Coupled circuit, with generator resistance included. (6) Re- 
sponse curve-—critical coupling 
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The Transformer 


An important advantage of alternating voltages has already been 
mentioned, namely, the ease of conversion of one voltage to 
another by means of a transformer. 

In one type of transformer frequently used two similar coils 
are wound upon iron cores built up of lightly oxidised lamina- 
tions, the magnetic circuit being completed by iron ‘yokes’ 
across the ends of the coils. The coils are connected in series. 
Three typical transformers are shown in F ig. 3.9, 


Fig. 3.9. Typical transformers. Left to right : tuned intermediate-frequency; 
mains transformer; audio-frequency output transformer 


We adopt the symbols My, Rp, L, for the number of turns, 
resistance and inductance of the primary winding, respectively; 
similarly n,, R, and L, refer to the secondary coil. If in Fig. 3.10(a) 
an e.m.f. e = E,,coswt is applied to the primary winding with 
the secondary left open-circuited, a primary current i, flows, 
given by: 

ip = En COS (wt — $)/4/(R2 + w? L?) 
if wL, > Ry, ip = En, COS(wt ~ 77/2)/wL,. 


The applied e.m.f. is exactly balanced by an e.m/f. of self- 
induction in the primary, e,, given by: 


ep = —L.di,/dt = Ly .jae( 7-008 (wt 7/2) = ~—E,,.Ccoswt 
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Thus, e, leads i, by 7/2, and leads e by . The flux ¢ due to the 
primary current cuts the secondary winding, and an e.m.f. e, is 
induced in this winding. If every turn of the secondary is linked 
by the primary flux 
_ ny.dd{dt 
les = abide 


so that e, = @,.n,/Mp = e,.T, where T is the turns ratio of the 
transformer, n,/Np. 


Rs & = whp, dep yadt 


€,= Sp.T 
) 


Fig. 3.10. (2) The transformer. Circuit parameters on ‘no load’. (6) Trans- 
former vector diagram on ‘no load’ 


The secondary e.m-f. e,, like e,, is in phase quadrature with 
the primary current i,, so that the induced e.m.f's e, and e, are 
in phase, as shown in Fig. 3.10(b). In this diagram e, is greater 
than e,, which would be the case for a step-up transformer (T'> 1). 
The converse would be true of a step-down transformer. 


66 


TUNED CIRCUITS 

If the primary resistance R, is not negligible compared with 
wL,, i, leads e by an angle @, less than 7/2; = tan—'.wL,/R,. The 
primary current is represented by the vector i,, in Fig. 3.10(6); 
there is evidently a large component of this current, isin, in 
quadrature with e, and this is the magnetising current. A small 
component j,cos#, in phase with e, represents the ‘loss’ current, 
and the product e.i;cos# is the power loss in the resistance of the 
primary winding. 

If a load Z, is connected across the secondary winding a 
secondary current i, flows, setting up an e.m.f. in opposition to e,, 
which was produced by i,. Effectively, the primary inductance is 
decreased, and i, must increase to restore equilibrium between 
e and e,. An extra current, the primary load current iz, therefore 
flows in the primary when a load is connected to the secondary, 
and the equilibrium condition requires n,i, =n,i,, or i, = i,.T. 
For a step-up transformer (T > 1) i, > i,; and, if i, is itself large, 
i, may be very much greater than i,, the primary current with 
open-circuited secondary. If we call the total primary current J,: 


bh = inti, = i, 


Hence J, = T.i, =(€,/e,)i,, so that e,. I, = e,.i,, and the input and 
output powers are equal, i.e. the transformer is 100% efficient. 
This is only true, however, if the primary resistance R, may be 
neglected. 

If the secondary load Z, were purely resistive (i.e. Z, = R;), the 
secondary current i, would be in phase with e,, and of magnitude 
e,/Rz, as shown in Fig. 3.11. We have just seen that if the primary 
resistance R, is taken into account, i, leads e, the supply voltage, 
by #, and e, leads e by 7; i, is in phase with e,, and i, (of magnitude 
T.i,) is in phase opposition. J,, the resultant of i, and i,, is the 
total primary current, and leads e by an angle ¢, where 


i, sind 


=. cos} 
fang i+, 


For a given primary resistance, or ‘loss’ (i.e. # constant), ¢ 
decreases as i, increases; when i, > i,, ip and e are in phase. Thus, 
in a fully-loaded transformer with resistive load, current and 
voltage are in phase, in both primary and secondary windings; 
the secondary components lead the primary, however, by =. 
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In general, the secondary load Z, will be complex, containing 
reactance as well as resistance; secondary current and voltage 
are now no longer in phase. If Z, is inductive, i, lags behind e, 


Ip mi: tip’ 


@s = €p.T. 


Fig. 3.11. Transformer vector diagram-—resistive load 


by an angle ¢., where ¢. = tan™'.wL’/R’, L’ and R’ being the 
components of Z,. The vector diagram for this case is shown in 
Fig. 3.12. 
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I, leads e by an angle 4, > ¢». As i, increases, i, increases, and 
¢, approaches ¢,, so that on full load the secondary current 
again leads the total primary current by 7. Secondary current 
and voltage, however, are no longer in phase. 


Cg=€p.T. 


Fig. 3.12. Transformer vector diagram-reactive load 


The Auto-transformer ‘ 
Transformers which consist of a single winding, across part of 
which the supply voltage is connected, the secondary voltage 
being selected by an arm which rotates round the coil, are called 
auto-transformers. In the circuit of Fig. 3.13, the turns-ratio of 
the transformer is given by: 


(number of turns in coil BC) 
(number of turns in coil AB) 
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Evidently if the rotating arm moves to D we have a step-up 
transformer. Auto-transformers are relatively simple in con- 
struction, and may easily be made continuously variable; however, 
the load is not isolated from the mains supply voltage, and great 
care must be taken to ensure that the point Bis the neutral of the 


supply. ; 


| Cc Vo 
; | 
Fig. 3.13. The auto-transformer 


The range of auto-transformers known as ‘Variac’} trans- 
formers provide output voltages continuously variable between 
0-270 V (for 230 V input), or 0-135 V (for 115 V input), at power 
ratings from 60 VA to 7 kVA. Spring-loaded carbon brushes on 
the moving arm make contact with the coil. (For constant voltage 
transformers, see p. 107.) 


Maximum Power Transfer 

Consider a generator, which might be a valve oscillator, or an 
electrical machine, connected in series with an impedance Z, 

consisting of its internal resistance and associated circuit, and 

with a load of impedance Z, (Fig. 3.14). It is important to know 

the relationship between Z, and Z;, for maximum power to be 

developed in the load. 

We consider first the simpler case of a battery, having an e.m.f. 
E and internal resistance R,, connected to a load R,. The current 
is then E/(R,+R,), and the power developed in R, is: 


E? 
(Ro + Rx)? 


+ Manufactured by General Radio Co., Cambridge, Mass., U.S.A., and 
by Zenith Electric Co. Ltd., London. 
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P, = Ri. 


TUNED CIRCUITS 
For P; to be a maximum, dP,/dR; = 0, ie. 


(R,+.Ry)*. E?—2(R, +R). Ry, E* = 0 


R,+ Ri = 2K, or Ry = Ry. Thus, maximum power is developed 
in the load when its resistance is equal to the internal resistance 
of the battery. 

For the more general case of reactive circuits (Fig. 3.14), 


I = El/((Ry+ Rr) + (X,+ X)7] 


Fig. 3.14, Generator internal impedance 


and Py = E.R, //((R,+ Rr)? +(X,+ X,)"]. The power P, is a 
maximum for X, = —X;, and R, = R;; this is the case when Z, 
and Z, are equal in magnitude but of opposite sign, i.e. are 
conjugate impedances. 


Impedance Matching 

In the previous section, we found the condition for maxi- 
mum power to be obtained in a load directly connected to a 
generator. Usually, however, we cannot vary Z,, and must 
connect it indirectly to the generator if it differs considerably 
from Z,. Consider the general case shown in Fig. 3.15, in which 
load and generator are connected by a transformer. 

Z, is the impedance of the generator, and Z, is the load im- 
pedance. L, and Z, are the inductance and impedance respec- 
tively of the primary winding, and L,, Z, the corresponding terms 
for the secondary. If M is the mutual inductance of the windings, 
the supply e.m.f. e is given by: 


e = (Z,4+-Z,) 2 +07 Mi? 
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where i, and i, are the primary and secondary currents. We have 
also: 
(Z,+ Zr? = —w?M?? 


Eliminating i,, by vectorial addition we have: 


w? M2 
e=(Z, 42+ go> -) i 
If the primary and secondary resistances are small, so that 
w" M2 
Z, = wL,, Z, = wL,, e = (z. +oL,— i 


M 


= Generator impedance 


Zz = Load impedance 
Zp, Zs = Primary and secondary winding impedances 
Ly, L, = Primary and secondary inductances 


Fig. 3.15. Matching of generator and load impedances 


If we assume wl,, wh, to be > Z, and wM, and also that 
M? =L,L, (i.e. the coupling factor k = 1): 


e = (Z,+Z,L,|L,).ip 

Now L,« n2, and L,« n?, and 
e = (Z,4-Z,n2[n2).i, = (Zet+Zr/T’).i,T 

where T is the turns ratio of the transformer. Hence 

i, = eT (Z,+Z,|T’Y 

The power developed in the load Z; is P;, = i2 Zz, i.e. 
Pr = Zy.€2/T(Z,+Z,/T?)? 
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For maximum power in the load we equate dP, /dZ,, to zero, in 
the usual way, obtaining the condition 


(Z,+Z.|T)Y.€/T? = Z,(2T?)(2(Z,+Z,[T?|T 


i.e. Zr = LZ 

Thus, for maximum power to be developed in Z,, this load 
should be matched to the generator impedance Z, by coupling 
the circuits together through a transformer of turns-ratio 
T= V(Z,/Z,). To ‘match? a high-impedance load to a low- 
impedance generator requires a step-up transformer—and vice 
versa. 


Example 

In the output stage of an audio-frequency amplifier, the 15Q. coil of a 
loudspeaker could be matched to the 5000Q anode load impedance of 
a typical output valve by a transformer of T = / (15/5000), i.e. a step- 
down transformer of ratio 1:18. 
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Problems 

1. Two similar circuits consisting of L = 150 wH, R= 100 Q and 
C=0-001 pF, are inductively coupled, the coupling factor being 0-2. 
An e.m.f. of 10 V r.m.s. at 500 ke/s is applied in series with one cir- 
cuit; calculate the current in each circuit. 

Answer. Primary current = 85 mA; secondary current = 43 mA. 

2. A parallel resonant circuit has Qo = 150, fo = 490 ke/s. Calculate 
the voltage attenuation at f= Jo 25 kec/s. What is the bandwidth at 
6 db down? 

Answer. Attenuation = 3 db; bandwidth = 127 ke/s. 

3. The inductances of two coupled coils L,L, are 2 mH and 20 mH, 
respectively, and the coupling coefficient is 0-5. If their resistances are 
negligible, calculate the open-circuit voltage across ZL, when 1 V is 
applied across L,. 

Answer, 1-582 V. 

4, Find the ratio of a transformer suitable for matching the 10 Q 
input coil of a pen recorder to a valve anode of effective resistance 
2000 Q. 

Answer, Ratio 14-1:1. 
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CHAPTER IV 


Thermionic Emission 


Thermionic Emission 

When a thin wire of a metal such as tungsten is raised to a high 
temperature, electrons are detached from the outer atoms of the 
metal, and form a cloud in the vicinity of the wire. Equilibrium 
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Fig. 4.1. Thermionic emission—the diode valve 


will be established when the rate of this ‘evaporation’ is equal to 
the rate of return of electrons from the cloud to the wire; the 
absorption of electrons by gas molecules such as the nitrogen and 
oxygen molecules of the air is practically eliminated by enclosing 
the wire in a highly evacuated glass, or silica, envelope. 

This phenomenon is called thermionic emission. To make use 
of it, we introduce a positively charged electrode (the anode, or 


74 


THERMIONIC EMISSION 

‘plate’) into the envelope, so that electrons are attracted away 
from the cloud (or space charge) and an electron-current flows 
across from the heated wire to the anode. This device, shown in 
circuit with its supply batteries in Fig. 4.1, is called a diode. A 
general name for similar components is ‘valve’ (p. 76). The thin 
tungsten wire, or filament, is electrically heated by the low tension 
(L.T.) battery to about 2400°C. Anode current I, flows through 
the high tension (H.T.) battery, the circuit being completed by 
the electron stream in the diode. 


ANODE 


CATHODE 


——— HEATING COIL 


(2) (6) 


Fig. 4.2. Indirectly heated valve: (a) schematic diagram; (6) commonly 
used symbol 


The efficiency of such a device is low; J, is about 2 mA per 
watt expended in heating the filament. This may be improved by 
coating the wire with a mixture of alkaline earth oxides, or by 
using the wire merely to heat a nickel cylinder (the cathode) 
coated with similar emissive material, and electrically insulated 
from the heating filament. The efficiency is raised to about 40 
mA/W, at a lower temperature of about 1900°C. Diodes and 
other tubes of the emissive-filament type are said to be directly 
heated; those of the emissive cathode type, indirectly heated. 
They are illustrated in Figs. 4.1 and 4.2. 

The filaments of directly heated valves must be heated by 
direct current, because variations of filament voltage would be 
impressed upon the anode current. With indirectly heated valves 
alternating current may be used to heat the cathode, which 
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attains a mean temperature; the electron current is thus much 
more constant. 

Directly heated diodes are still used where large anode currents 
are involved, but in general instrumental use indirectly heated 
valves are invariably used. 

Anodes of small valves are usually of steel, corrugated for 
strength, and to improve their radiation of heat; larger valves 
have molybdenum or tantalum anodes. Considerable heat is 
generated when the electrons are brought to rest, and the valve 
must be able to dissipate this without distortion of its electrodes. 

The diode allows anode current J, to flow if the anode is 
positive with respect to the cathode or filament; if this polarity 
is reversed, no current flows. For this reason, thermionic devices 
of this kind have become known in England as ‘valves’, whether 
they are in fact operating as unidirectional devices or not. In 
America the term ‘tube’ is used (German rohre, French lampe). 


The Diode 

If the circuit of Fig. 4.3(a) is set up we can investigate the variation 
in anode current J, with change of anode voltage V, at a number 
of values of filament voltage V;. We obtain a series of I,/V, curves, 
as shown in Fig. 4.3(b); at each value of the filament voltage V;, 
increase of V, leads to the attainment of a maximum anode 
current, when electrons are withdrawn from the space charge at 
the same rate as they are supplied from the cathode. This maxi- 
mum value is the saturation current; it increases as V; increases. 

In practice however the anode current is never varied by altera- 
tion of V;; this is fixed at the manufacturer’s specification, so 
that the cathode is heated to optimum temperature. Under these 
conditions J, follows a ‘three-halves’ law; for example, for 
concentric-cylinder anode and cathode, J, = k/r(V2”), where r is 
the radius of the anode cylinder, assumed large in comparison 
with that of the cathode, and k is a constant. 

The diode is mainly used for the conversion of alternating 
into direct current. In the circuit of Fig. 4.4 current flows through 
the valve only when the anode is at a positive potential with 
respect to the cathode; no current flows when the reverse condi- 
tion applies. However, charge will be stored in the capacitor C, 
and may be drawn upon during the ‘non-conductive’ half-cycleto 
even out the flow of current through the load (see Figs. 5.1 and 5.2). 
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(6) 
Fig. 4.3. Diode characteristics: (a) circuit; (6) characteristic curves 
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Diodes vary in size from the large tubes capable of supplying 
1-10 amp, to ‘detector’ diodes dealing with a few micro-amp. 
For a further consideration of diode rectification, see p. 101. 
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Fig. 4.4. Diode half-wave rectifier circuit 


The Triode 


The usefulness of the diode is enormously enhanced if a third 
electrode is introduced—thus converting it into a triode. This 
extra electrode is a wire mesh, usually of molybdenum, placed 
near to the cathode, called the control grid and designated g}. 
The grid has a much stronger control over the anode current 
than has the anode, because it is nearer to the cathode. In Fig. 
4.5(a) the anode current is shown as a function of anode voltage 
at various grid voltages; in Fig. 4.5(b) anode current is shown asa 
function of grid voltage at various anode voltages. It will be 
noticed that, in the latter diagram, both positive and negative 
values of grid voltage are considered; in practice, however, the 
grid is never maintained at a positive voltage, for reasons which 
we shall consider later. 

The (anode current)—(anode voltage) curves are similar to 
those of the diode, except that the anode voltage required for 
saturation current may be increased by making the grid more 
negative. 

The (anode current)-(grid voltage) curves are called the mutual 
characteristics of the triode; over a considerable range of (nega- 
tive) grid voltage they are almost linear, so that J, is proportional 
to V,. At any given anode voltage there is a limiting grid voltage 
which just reduces the anode current to zero; this is the cut-off 


78 


Va3>Va2>Va 


_— O + 
Vg 
Fig. 4.5. Triode characteristics: (a) anode current/anode voltage; (5) anode 
current/grid voltage 
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voltage V,,,. The mutual characteristics are curved in the 
vicinity of V,, ,, and also in regions of positive grid voltage; in 
practice, however, we arrange the steady grid voltage (the grid 
bias) so that only the linear portion is utilised. In particular, we 
avoid allowing the grid voltage to become positive, for it would 
then attract electrons, causing a flow of ‘grid current’; this damps 
the input circuit (p. 155), and may damage the valve by over- 
heating and distorting the grid. 


Fig. 4.6. (a) Grid bias for directly heated triode. 


The slope of the (anode current)(anode voltage) curve is 
(01,/8V4)y,, the subscript indicating that this is appropriate to a 
given value of grid voltage V,. The inverse of the mean slope 
(8V4/8I4)y, is called the anode resistance, and given the symbol 
rq; it is measured in ohms. The slope of the (anode current)- 
(grid voltage) curve is (@14/0V,)y,, called the mutual conductance, 
symbol g,,; it is measured in mA/V. The product (r,.g,,), Where 
r, is in kilohms and g,, in mA/V, is dimensionless; it indicates the 
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relative control of grid and anode over the anode current and is 
called the amplification factor, 1, of the valve. 

These three parameters of a valve, r,, g,, and p, are called the 
valve characteristics, and are quoted by the manufacturer as an 
aid in designing a suitable circuit, and choosing suitable operating 
conditions for that valve. 


Fig. 4.6. (6) Cathode bias for indirectly heated triode 


Triodes are designed for two main purposes: voltage ampli- 
fication and current amplification. The characteristics of typical 
examples of these two types are listed below: 


Mullard ECC35+ Mullard PM202 
voltage amplifier current amplifier 
[, (mean anode current) 2-3 14 (mA) 
Tr, (mean) 34 2:0 (kQ) 
2m (mean) 2-0 3°5 (mA/V) 
p (mean) 68 14 


t Half of the double triode. 
81 


LABORATORY AND PROCESS INSTRUMENTS 

Triodes, like diodes and other valves, may be directly or 
indirectly heated. The heater and anode voltages may be derived 
from batteries or from a power-supply unit (p. 104). The steady 
voltage applied to the grid—the grid bias voltage-may be ob- 
tained from a small dry battery, or, in the case of indirectly 
heated valves, may be developed across a resistor in the cathode 
circuit. Thus in Fig. 4.6(6) the potential of the grid with respect to 
the cathode will be — V,, as in Fig. 4.6(@), if I, R. = V,. Cathode 
bias resistors usually have values between 200 and 2000 Q, and 
are ‘decoupled’ (p. 141) by an electrolytic capacitor of high 
capacity. The resistor R, is called the grid leak; it provides a 
return path to H.T. —ve for those stray electrons which collide 
with the grid, so that a negative charge does not accumulate. To 
prevent damping of the input impedance R, is large, usually 
between 250 kQ and 3 MQ. 


Limitations of the Triode 

The triode finds many applications as an amplifier (p. 123), oscil- 
lator (p. 153) and detector (p. 114). Its use is limited, however, 
by the inter-electrode capacity between anode and grid (C,,,) of 
capacitance 1-5-5 pF. There are of course other inter-electrode 
capacities, such as that between grid and cathode (C,, .), but it is 
C,,q Which has the greatest effect-sometimes called the Miller 
effect. 

The grid and anode circuits of a triode valve are interconnected 
(‘coupled’) by C,,,, so that energy may be fed back from the 
anode into the grid; if this feedback voltage is in phase with 
the grid voltage, amplification increases progressively and very 
rapidly, and the valve generates ‘oscillations’ (p. 154). This is 
particularly the case at radio frequencies, where C,,, forms a 
comparatively easy path; for this reason, we cannot in general 
use a triode as a high-frequency amplifier unless the effect of C,, , 
is overcome. 

There are two ways in which this may be accomplished, the 
first being known as ‘neutralising’. In Fig. 4.7 the anode is 
connected to an inductor L centre-tapped to the H.T. + ve, the 
other end of which returns to the grid via the small variable 
capacitor C,—the neutralising capacitor. Since H.T.+ and the 
cathode are at the same a.c. potential, the voltages at the ends 
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of L are in antiphase, and the voltages fed back via C, and C, , 
tend to cancel out; C,, may be adjusted for exact cancellation. The 
circuit may be re-drawn in a.c. Wheatstone bridge form, as 


HT.+ 


Fig. 4.7. Neutralisation of C,,, of triode valve 


shown in Fig. 4.8. Neutralisation is achieved when, so far as 
this circuit is concerned, point G is at earth potential, i.e. when 
C,/Cg,a = L1/L2, where L,; and L, are the inductances of the two 
sections of the anode coil. 
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Fig. 4.8. Equivalent bridge circuit of Fig. 4.7 


The Tetrode 


A second method of overcoming the Miller effect is to reduce 
C,,q inside the valve, by introducing a second grid between the 
control grid and the anode. This second, or ‘screen’ grid, is 
connected to a source of high d.c. potential, so as not to reduce 
the anode current; but it is maintained practically at earth 
potential as regards alternating voltages, by a relatively large 
capacitor to earth. An earthed screen has thus been effectively 
introduced within C,,, so that no voltage may be fed directly 
from grid to anode. This is shown, together with the line diagram 
of a tetrode valve, in Fig. 4.9. C,,, is reduced to 0-01 pF, or even 
less, in the tetrode. 
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The screen grid is referred to by the symbol g;, and the (d.c.) 
potential of this grid is written V,,. The mutual characteristic mn 
must now be defined as (0/,/4V,)y,, ye, i.e. the values of anode 
and screen voltage must be specified. The value of &m is not very 
different from that of a triode; the (anode current)—(anode 
voltage) curve, however, as shown in Fig. 4.10(6)}, shows a 
marked difference from the corresponding curve for a triode. 

Suppose V,, remains constant, whilst the anode voltage V, 
is increased from zero. At first the anode current I, increases, and 
the screen-grid current J,, decreases. Over the range of anode 
voltage (V, = A) to (V, = B), however, increase in V, decreases I, 


ANODE Cag 
SCREEN 
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Fig. 4.9. Tetrode valve and inter-electrode Capacities 


and increases I,,; evidently over this region (0V,/0I,) is negative, 
corresponding to a negative anode resistance. Beyond (V, = B), 
I, increases with increase in V,,, until saturation currentis reached, 
and J,, decreases correspondingly. 

The behaviour over the range A~Bis due to the phenomenon of 
secondary emission. If the anode voltage is sufficiently great, the 
electrons, accelerated by this voltage, arrive at the anode with 
enough energy to cause other electrons to be emitted from the 
anode material; these are called secondary electrons. As V, is 
increased, the number of secondary electrons increases also; and 
at some point (corresponding to V, = A in Fig. 4. 10(5)) it exceeds 
the number of ‘primary’ electrons arriving from the cathode. 


+ Obtained by measurements on the circuit of Fig. 4.10(@). 
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Now this value of anode voltage is Jess than V,,, so that once 
they are ejected from the anode the secondary electrons are 
accelerated towards the screen grid; effectively, J, falls and J,, 
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@) 
Fig. 4.10. Tetrode characteristics: (a) circuit; (6) anode and screen currents 
as functions of anode voltage 


rises. The process continues until V, = V,, (about the point B 
on the diagram); secondary electrons now return to the anode, 
and fewer primary electrons ‘stick to’ the screen, so that J, 
rises and J,, falls. 
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The region A~B, over which r, is negative, is made use of in 
the dynatron oscillator (p. 160), but for amplification purposes 
only the region beyond B is employed. 

Apart from reducing C,,, the screen grid, by interposing a 
positive potential between cathode and anode, reduces the control 
of the latter over the anode current. Since r, = (0V,/al,), and 
= 8m .1a, both r, and p will be greater for the tetrode valve than 
for the triode, average values might be r,, 100 kQ to 2 MQ; 
» = 200-1000. 


The Beam Tetrode 


The ‘kink’ in the J,/V, curve of the tetrode limits its working 
range as an amplifier. One way of smoothing the curve out is by 
very careful alignment of screen and control-grid wires, so that 
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Fig. 4.11. Beam tetrode—electron beam 


electrons are ‘beamed’ to the anode through the screen grid 
mesh; and by beam-forming plates, at anode potential, which 
return the electrons produced by secondary emission to the 
anode. 
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Such valves are known as beam tetrodes, and are much used as 
audio-power output valves, e.g. the Brimar 807 having: 
rz = 39 KO, g,, = 5-7mA/V, W, = 11:7 Wat V, = 500 V, 
V,, = 200 V, i, = SOmA. 
These characteristics are similar to those of an output pentode 
valve (see next section). The beam tetrode action is illustrated in 
Fig. 4.11. 


The Pentode 

Another way of removing the tetrode ‘kink’ is to prevent elec- 
trons produced by secondary emission from being attracted to 
the screen by placing a low-potential grid between the screen 
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Fig. 4.12. Pentode valve—disposition of electrodes 


and the anode. This third grid is called the suppressor grid, and 
given the symbol g;. The voltage on this grid V,, is usually the 
same as the cathode voltage, which may be ensured by connecting 
g3 internally to the cathode; sometimes, however, g3 is brought 
out to a separate pin on the valve base (p. 96), which may then be 
earthed, or connected to a small negative bias voltage. Secondary 
electrons now return to the anode even when V, is less than V,,; 
the original purpose of the screen grid g2, which was to reduce 
Cy, a, is not affected. The pentode valve is illustrated in Fig. 4.12. 
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Pentodes, like triodes, are of two main types, designed for 
voltage amplification and current amplification. The character- 
istics of two typical valves are listed below: 


Mullard EL37 
Mullard EF36 current amplifier 
R.F. voltage amplifier (output pentode) 
I, 2-0 100 (mA/V) 
Yg 2500 2:5 (kQ) 
8m 1:8 11 (mA/V) 
B 4500 27-5 


VaF400V. 
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Oo 100 20 300 400 S00 «60 700 800 (9100 F°1q 
Fig. 4.13. Pentode valve—anode current/anode voltage curves 


The variation of anode current with anode voltage, for varying 
grid voltages, is shown in Fig. 4.13. Above about V, = 150 V, 
the anode current is almost constant despite changes in V,, and 
for this reason the pentode valve is sometimes referred to as a 
constant current device. ; 

The curves of anode current against grid voltage (the mutual 
characteristics) so far considered have been linear over most of 
the range between V, = V,,, and V, = 0. Hence over this range 
&m is constant. In certain voltage-amplifying valves, however, 
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the I,/V, characteristic is made non-linear, so that g,, varies from 
one bias voltage to another. Thus, the » of the valve (= 8m.?a) 
may be varied by altering the steady negative grid voltage, or 
working point (p. 125); such valves are designated variable-», and 
a typical variable-u mutual characteristic curve is shown in 
Fig. 4.14. These valves are generally used in circuits employing 
some form of automatic gain-control. Suppose that part of the 


——I STANDARD PENTODE 
——II VARIABLE ,~x PENTODE — Ae 


—~~—~ VARIABLE At PENTODE -MUTUAL 
CONDUCTANCE gm 


26 24 oO 16 


Fig. 4.14. The variable-valve; mutual conductance/grid voltage 


amplified signal voltage is rectified and used as the negative 
grid bias voltage, the point A might be fixed by a negative 
voltage derived from the amplified signal. The slope of the 
tangent to the curve at A gives g,, under these conditions. If now 
the amplitude of the signal voltage is for some reason reduced, 
the negative bias developed from it will also be reduced, so that, 
for example, we may have a change of working point from A to B. 
At this point, g,, is greater than at A, so that the amplification of 
the weaker signal is automatically increased. If the signal voltage 
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increases, the negative bias is increased, and a smaller value of 
2m is obtained. Thus, the output tends to remain constant, irre- 
spective of the input voltage. 


Multi-grid Valves 

Hexode and heptode valves contain further grids, as the names 
suggest; they are chiefly used as ‘mixers’ (see below). Consider 
the electrode arrangement of the valve shown in Fig. 4.15(q). 
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Fig. 4.15. (@) Heptode valve—enumeration of grids: G,, oscillator grid; 
G,, oscillator anode; G;, screen; G,, signal grid. (6) Triode hexode valve: 
G,, signal grid; G,, screen grid; G,, oscillator grid; A), oscillator anode 


The electron stream passes through two control grids, g; and g4, 
separated by the screen grid g3; the anode current is therefore 
modified by voltages on either or both of these control grids.t If 
the voltages on the control grids are v,,, and v,,, where 


Ug, = Vi sin wt 
and v,, = V4sinw,t, the anode current is a product function of 
both these voltages, containing the component 
2m V1 Vasinw,t.sinw,t 


+ In Fig. 4.15(5) the oscillator grid g, corresponds to the second control 
grid g, of Fig. 4.15(@). 
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this may be written in the alternative form: 


SmlEV1 Vg COS (1 — 4) t—4V, Vigcos (w, +.) f] 


Hence sum and difference frequency components appear in the 
anode current, and could be separated by suitable tuned circuits. 
This is the basis of mixing, or frequency changing; if the anode 
circuit is tuned to the frequency (w, —«,)/27, the component of 


Vo, = CONST. 


Fig, 4.16. Mixer valve—conversion conductance 


this frequency will be magnified by the Q of the circuit, and the 
remaining components effectively eliminated. This principle is 
used in the superheterodyne radio receiver, where most of the 
amplification takes place at the difference frequency (ws — w,/27), 
ws/27 being the incoming signal frequency, and w,/27 the fre- 
quency of a signal generated by an oscillator within the receiver 
(the ‘local oscillator’). It is also made use of in the beat-frequency 
oscillator, which generates voltages in the audio-frequency range. 
The voltage derived from a fixed-frequency oscillator (e.g. 1000 
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kc/s) is mixed with the output of a second oscillator, whose 
frequency may be varied (e.g. between 900 and 1000 ke/s). The 
difference-frequency voltage is selected by a tuned circuit, so 
that the output frequency is variable also (in this case it may be 
varied continuously between 100 ke/s and zero). 

An important parameter of a mixer valve is the Conversion 
Conductance. In Fig. 4.16, the mutual characteristics of the 
hexode section are drawn, with constant anode voltage V,, 
but with varying oscillator-grid voltage V,,. If the signal grid 
bias V,, is —2 V, and V,, Swings between zero and —8 V, the 
anode current i, varies between the points 4 and B. The mutual 
conductance of the hexode &m is defined by (di,/a V,.) at anode 
voltage V, and at the maximum positive value of V,,, i.e. V,, =0; 
hence g,, is given by the slope of the mutual characteristic at the 
point C. At the extreme negative value of V,, (point D) the slope 
is much less, so that the mean slope within the range A~B is 
approximately g,,/2. The mean slope determines the Conversion 
Conductance g;,, which is (di//8V,,) at anode voltage V,, and 
with V,, the oscillator voltage; i; is the component of anode 
current at the difference frequency (ws —w,/27). Optimum con- 
version occurs at g’, = 8ml2, the conditions which apply here. 


Composite Valves 


For full-wave rectification (p. 104) it is convenient to enclose two 
diodes, with or without separate cathodes, in one envelope, to 
form the double diode valve. In small diodes used for Signal- 
voltage rectification an amplifying triode is often included, 
forming a diode (or double diode) triode; the diodes rectify the 
signal and the triode then amplifies it (p. 123). 

Double triodes, and triode pentodes, are mainly used at audio- 
frequencies, since they have fairly large inter-electrode capacities, 
In the triode hexode, the triode section operates as an oscillator 
(p. 153) and provides a Voltage to be ‘mixed’ with the incoming 
signal in the hexode section, rather as in the beat-frequency 
oscillator already described. The triode grid is internally con- 
nected to grid g; of the hexode. 


‘Soft’ Tubes 


The valves so far described are evacuated to a pressure of about 
10-7 mm of mercury (a ‘hard’ vacuum, which is obtained by 
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pumping out the air and removing the last traces of it, after 
sealing the tube, by firing a small magnesium coil—technically 
known as a ‘getter ’—inside it). In two important classes of tubes, 
however, the envelope is subsequently filled with an inert gas, 
e.g. neon or argon, to a pressure somewhat greater than atmo- 
spheric. These tubes are divisible into gas-filled diodes, used as 
voltage stabilisers and reference tubes and gas-filled triodes and 
tetrodes, known as thyratrons; bothare referred to as ‘soft’ tubes. 

In thyratrons, a filament heats up the cathode, and electrons 
are accelerated towards a positively charged anode, as in 
‘hard’ tubes; voltage stabiliserst are ‘cold-cathode’ tubes. In 


Vign: 18OV 


I, (MAX) 15mA. 
150 » (ran) 
I, (MIN) Sma, 


1 4 6 8  l2 4 16 (mA) 
Fig. 4.17. Voltage stabiliser tube-—characteristic curve 


their passage to the anode, however, the electrons collide with 
gas atoms or molecules, and cause some of these to ionise; most 
of the current is conducted (from anode to cathode) by the posi- 
tive ions formed. The anode voltage at which conduction occurs, 
and which determines the velocity acquired by the primary elec- 
trons, is fixed by the dimensions of the tube, its geometry and the 
nature and pressure of the gas. Gas-filled tubes are available to 
conduct, or ‘strike’, at voltages within the range 75-150 V. The 
operating, or ‘burning’, voltage is usually 15-30 V below the 
striking voltage. The characteristic curve for a ‘soft’ diode is 
shown in Fig. 4.17. 

Between Imin ANd Imax, the voltage rises only by about 5 V, or 
4°/; the current may increase by a factor of 8-12 over this range. 
This property accounts for the use of ‘soft’ diodes as voltage 
stabilisers and as voltage reference tubes (see p. 108). 


+ Also called voltage regulating tubes. 
94 


THERMIONIC EMISSION 


Thyratrons are gas-filled triodes and tetrodes. If the grid is 
maintained at a large negative voltage, the anode voltage may be 
raised considerably above the normal striking voltage without 
the tube conducting. Reduction of the grid bias may now cause 
the tube to fire. The thyratron characteristic is shown in Fig. 4.18. 

If, with the anode voltage held at V,, V, is increased from V,, 
(i.e. the negative bias is decreased) the tube fires at V,,. Return to 
V,,, or even beyond, will not reduce the current J, through the 
tube; once the tube fires, the grid loses control, and only reduc- 
tion of V, below the critical value V,, can extinguish it. The 


Fig. 4.18. Thyratron characteristics 


thyratron may be regarded as a switch—turned ‘on’ by the grid 
voltage V,, and ‘off’ by the anode voltage V,. For applications 
of the thyratron, see p. 171. 

Small, neon-filled discharge tubes are often used as ‘on-off’ 
indicators in mains equipment. They strike at about 180 V and 
burn at 150 V, with a current consumption of 0-5 mA. On 240 V 
mains, therefore, they operate with a 120 kQ resistor in series. 
Their consumption is about 0-1 W as compared with the average 
torch bulb, or ‘pea-lamp’, which, consuming 0-3 amp at 4-5 V, 
dissipates 1-35 W. 

However, where a pea-lamp is used in electronic apparatus, it 
must be replaced when necessary by one of similar watts rating. 
This is obviously necessary if the bulb is connected in series with, 
e.g. a chain of valve filaments; but equally, if it is fed in parallel 
with other components from a small transformer, it may, by its 
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added current, reduce the voltage applied to these components. 
For example, on one occasion it was found that the failure of 
two such lamps, in parallel across part of a valve-filament 
circuit, raised the voltage applied to the heaters from 6-3 to 7:5 V. 


Cold Cathode Tubes 

In these tubes the cathode is not heated, and electrons are drawn 
from it by the close proximity of the anode. A positive voltage 
applied to a subsidiary electrode-the trigger-may initiate 
conduction. Such devices are called ‘trigger-tubes’, for example 
the Mullard Z803U shown in a typical circuit in Fig. 4.19. 


Fig. 4.19. Trigger tube—basic circuit 


In this tube, a fourth electrode is provided so that a priming 
current of about 10 »A, derived from the H.T. supply, may be 
passed. This stabilises the operation of the tube. With an anode 
voltage of 200 V the application of a positive pulse of about 
130 V peak to the trigger causes conduction, and the tube passes 
about 10 mA until the anode circuit is broken. 


Valve Bases 

Originally all valves had pins at one end, which plugged into 
a corresponding valve base; there were from four to eight pins, 
numbered clockwise looking on to the pins—or at the underside 
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of the valve base. A typical arrangement for a pentode valve with 
eight pins is shown in Fig. 4.20. The valve plugs into a valve base 
with eight holes (an octal base); as the valve pins are arranged 
symmetrically, there is a locating spigot on the valve, and a 
corresponding central ‘keyway’ in the valve-base so that the 
orientation is fixed. Some valves which plug into octal bases have 
only six or seven pins, and even if the valve has eight pins they 


it 8 
Pin 1: metallising Pin 5: suppressor grid 
2: heater 6: control grid 
3: anode 7: heater 
4: screen grid 8: cathode 


Fig. 4.20. Schematic diagram of pentode valve with octal base 


may not all be connected internally. In some older valves, one 
or more connections were provided at the end opposite from the 
pins, to which anode and/or grid were connected. The electrode 
locations of such a valve might, for example, read (see footnote, 
p.98): 


1 2 3 4 5 6 7 8 T/C 
M sh a - dq - h@& By 
This valve is a double-diode triode, pins 4 and 6 not being used, 
and having a top-cap control grid connection. 
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Until recently the pins were connected to the various elec- 
trodes by wires sealed in a glass sandwich-the ‘pinch’—and this 
was a source of considerable inter-electrode capacity. Although 
medium-power diodes, and some large low-frequency amplifying 
valves, are still of this type, modern valves differ considerably. 


aniiiin- 


a" 


Fig. 4.21. Comparison of some electronic valves 


In the first place they are much smaller, whilst retaining the 
same heat dissipation. Secondly, the electrode wires are them- 
selves brought out through the base, without a pinch; there are 
no separate pins, or top-caps. The connections to a modern 
triode hexode are as followst: 


1 2 3 4 5 6 7 8 9 
M h @a(®) & 283 a(T) A cc gy (A) 
& (1) 


(H = hexode section; T = triode section) 


+ The symbols used are: M, metallising; 4, heater; a, anode; g,., grids; 
d, diode; c, cathode. 
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There is a comparatively large gap between pins 1 and 9, which 
enables the valve to be correctly located in its base, and fixes 
the starting point for the enumeration of the pins. 

Some very small (sub-miniature) valves have no base, leads 
from the electrodes being brought through the glass envelope, so 
that they may be directly soldered into the circuit. Examples of 
these various types are shown in Fig. 4.21. 

There are several fairly comprehensive lists of British and 
American low-power valves, including all the types mentioned 
in this chapter. The important valve parameters, and typical 
operating conditions of current, voltage, load and power, as well 
as the base connections, are listed. 
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Problems 
1, An indirectly heated valve has an anode load of 25,000 Q and a 
cathode resistor of 600 Q. The grid is returned to the low-potential 
end of the cathode resistor. If the voltage drop across the anode load 
is 75 V, calculate (a) the anode current; (5) the effective grid bias 
voltage of the valve. 
Answer, I, =3 mA; V,= —1:8V. 
2. From the following data, calculate the anode resistance (2) 
mutual conductance (g,,) and amplification factor (4) of the valve. 


V; 1, Vi, Vi, 1, Ve 
0 0-5 mA 20 V -O05V 05mA 30 V 
1 40 1 90 
2 95 2 150 
3 142 3 190 
4 180 4 230 
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V, I, Vz Ve 1, Va 
-1V 0O5mA = 100V —2V O5SmA 195 V 
1 140 1 235 
2 198 2 245 
3 240 


Answer. fq = 50 kQ; g, = 2 mA/V; » = 100. 


3. The following data give the anode current (i, m-amp)/anode 
voltage (V, V) values for a tetrode valve, at three values of grid 
voltage (V, V), and at constant screen voltage +80 V. Plot the i,/V, 
curves, and comment upon the results. 


Vz, Va ig V, Va iia V, Va ty 
0 20 325 -10 2 146 -20 20 0-75 
40 2:75 40 1:5 40 0°60 
60 2-75 60 09 60 0:55 
80 4-50 80 2:25 80 1:00 
100 6-0 100 3-25 100 1-25 
150 6:3 150 3-35 150 1-45 


4, Give an account of the action of the thyratron tube. Explain 
how it may be operated from an alternating voltage so as to control 
the period of conduction over a complete half-cycle of the supply 
(use the diagram of fig. 4.18). 
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Applications of Thermionic Valves (1) 


Rectification of Alternating Voltages 

Electronic equipment requires direct voltages for valve anodes, 
polarised relays and for other purposes; some investigations in 
physical chemistry also require a direct high-voltage source—e.g. 
transport number determinations and electrophoresis. Although 
primary or secondary batteries could be used, it is generally more 
convenient to develop such voltages from the alternating supply 
mains. The thermionic diode is a ready means of converting a.c. 
voltages into d.c. 

The circuit of Fig. 5.1(a) is suitable for providing a direct 
voltage up to about 500 V, at a maximum current of about 
100mA, depending upon the rating of the components. The anode 
voltage and anode current are shown as functions of time in 
Fig. 5.1(6). During the positive half-cycle (i.e. when point A is 
positive with respect to point B), current flows through the diode, 
via inductance L and load R,, returning through the secondary 
winding of the transformer to A. During the negative half-cycle, 
the diode anode is negative with respect to its cathode (the fila- 
ment, in the directly heated diode shown), and the valve does not 
conduct. The capacitor C, charges during the positive half-cycle 
to a voltage almost equal to the transformer secondary peak 
voltage; during the negative half-cycle it discharges partially 
via L and R;. The time constant for discharge is much greater 
than for the charging process via the comparatively low imped- 
ance of the conducting diode. Hence only a part of the charge is 
lost, and this is made up during the next half-cycle; the voltage 
across C, is shown in Fig. 5.2, in which ‘+’ and ‘—’ refer to 
positive and negative half-cycles of the transformer voltage. 
Since E, = Ey.exp(—t/CR), where E, is the voltage across the 
capacitor C after discharging for a time ¢ through a resistance R 
(p. 14), we can easily show that a 16 wF capacitor discharging 
through a 5000 Q load shows a fall in voltage from Ep to 0-85, 
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over the period of the negative half-cycle (1/100 second). The 
voltage across the reservoir capacitor C, may be considered as a 
steady voltage V, with a superimposed ripple voltage of twice the 
supply frequency (i.e. 100 c/s). The components LZ and C, forma 


E,m™ PEAK ANODE VOLTAGE 


—’ = MINIMUM VALUE REACHED 


Fig. 5.2. Anode voltage (V,)—time relationship for the diode 


filter circuit which removes this ripple, providing a sensibly con- 
stant voltage V to the load. Suppose the inductance of L to be 10 
H, and the capacitance of C, to be 32 uF; at the ripple frequency, 
Xz = 27.100L = 6:28 kQ, whilst the reactance of the capacitor, 


6-28 KW 


C , : SON ; 


Fig. 5.3. Rectifier smoothing circuit—equivalent diagram 


Xc, = 50 Q. The ripple voltage therefore ‘sees’ the circuit of 
Fig. 5.3, and less than 1 ° of it appears across R,. From the point 
of view of filtering off the ripple we could replace L by a resistor 
of 6:28 kQ, with the same result ; however, this would probably be 
much greater than the resistance of the 10 H inductor, and the 
output voltage would consequently be reduced. In portable 
equipment, where a saving in weight is important, and the load 
current is usually small, resistance-capacitance smoothing is often 
used. 
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A more efficient circuit is that of the full-wave rectifier, Fig. 
5.4. By using a double diode, and centre-tapping the transformer 
secondary winding, conduction occurs on both half-cycles; the 
charge on C; is maintained more nearly constant, and the ripple 
voltage is considerably reduced. The operating voltage for each 
diode must be developed by each half of the secondary; it is 
essential to supply the filament of the rectifier by a separate 
winding from that used by the other valve filaments, so that a 
complete specification for the transformer might be: 


primary: 200-220-240 V, 50 c/s. 

secondary: 350-0-350 V, 50 mA (H.T. for diodes). 
6:3 V, 2 amp (for diode filament). 
6:3 V, 1 amp (other valve filaments). 


Fig. 5.4. Diode full-wave rectifier 


The resistors r, in series with the diode anodes, limit the peak 
current through the valve before C, has become fully charged; 
aminimum value of ris quoted for each valve by the manufacturer. 
If the primary and secondary resistances of the transformer are 
R, and R; respectively, the circuit introduces a resistance 


os +T* Ry 

in series with each anode, T being the turns-ratio of the trans- 
former; if this is less than the stated minimum r, extra resistance 
must be included, as shown. 

There may be a considerable difference of potential between 
the filament and cathode of an indirectly heated rectifier valve, 
and overloading the circuit may result in a breakdown of insu- 
lation at this point. For this reason, rectifiers supplying extra 
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high tension voltages (E.H.T.), such as required for the final anode 
of a cathode ray tube, are generally of the directly heated type. 
In this case, the rectifier filament winding must be very carefully 
insulated from the other windings. 

The smoothing circuit, L and C;, of Fig. 5.4 is essentially the 
same as that of the half-wave circuit; as the ripple voltage is 
smaller, however, the component values may be reduced. 


Metal Rectifiers 

The valve diode or double diode may be replaced by a half-wave, 
or full-wave, metal rectifier, of which there are two main types— 
copper—copper oxide and selenium-steel. Surfaces of contact 


Fig. 5.5. Metal rectifier-response curve 


between these pairs of substances are polarised, conducting very 
much more readily in one direction than in the other. They have 
similar voltage—current characteristic curves to valve diodes, as 
is seen from Fig. 5.5. Thearrowhead of their conventional symbol 
points in the direction of current flow, i.e. from ‘anode’ to 
‘cathode’. Metal rectifiers may be operated at high ambient 
temperatures, and are available for current output as high as 
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10 amp. They are fitted with cooling fins to assist in the dissi- 
pation of heat. For high voltages a number of pairs of ‘elements’ 
are joined in series, so that the voltage across each section is 
reduced. 
Full-wave metal rectifiers are often connected in the ‘bridge’ 
circuit of Fig. 5.6, in which R; represents the load supplied by the 


—_—, 
° 


Fig. 5.6. Full-wave bridge rectifier 


rectifier. If point a is positive with respect to point b, current 
flows via X1, R, and X,; reversal of the polarity of a and b causes 
the current to flow via X3, R, and X,. In either case, however, 
the current flows in the same direction through R,, so that we 


ww 


+ 


Fig. 5.7. Full-wave metal rectifier circuit for large current, e.g. battery- 
charger rectifier 


have obtained full-wave rectification. If smoothing is required, 
R, is replaced by an L-C filter of the type already described 
(p. 103). A similar arrangement, with each ‘element’ duplicated in 
parallel, may be used to supply a large current for battery charg- 
ing; the circuit is shown in Fig. 5.7. 


+ In Figs. 5.6 and 5.7, alternative symbols for the half-wave metal 
rectifier are illustrated. 
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Metal rectifiers may also be used as voltage doublers, as in the 
circuit of Fig. 5.8. C, charges to peak voltage during the half-cycle 
for which a is positive with respect to point b; during the next 
half-cycle, C, partially discharges, and C, becomes charged. 
The load R;, across C; and C, in series, thus experiences a voltage 
Vo which is almost twice the peak of the supply voltage. 


-<-Vo + 


Fig. 5.8. Voltage doubler circuit and response curve 


Small metal rectifiers, passing currents of a few milliamps, are 
used as meter rectifiers, and as ‘reversed polarity’ protective 
devices. They are also used for the ‘detection’ of modulated 
waves (p. 114). 

Metal rectifiers require no filament supply, and are very 
robust; their reverse current is larger, however, than that of a 
valve diode. 


Stabilised Power Supplies 
The output voltage of the rectifiers so far described is very 
dependent upon the input voltage, and upon load current; it 
will change if either of these varies. In order to maintain the 
output voltage constant within, say, 1% for changes of 10% or 
more in mains input voltage or load current, the rectifier must be 
stabilised, so that these changes are automatically compensated. 
One way of doing this is to supply the rectifier transformer 
from the secondary of a constant-voltage transformer, such as 
that shown diagrammatically in Fig. 5.9. The primary windings 
are additive, so that the input voltage V; = V,, + V2); the second- 
ary windings are in opposition, so that the output voltage 
V, = Vr2,— Vis. With the nominal V; applied, the lower primary 
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winding partially saturates its core, so that increase of V; causes 
V,, to increase more than V,,; hence the increase in secondary 
voltage V;, is greater than that in V,,, and by suitable design it 
may be arranged that V, = V2,— V1, remains practically constant. 
Theconstant-voltage transformer is thus a static electromagnetic 
voltage regulator, responding very rapidly to changes in supply 
voltage and maintaining V, constant within 1% for changes in 
V,of 15%. The output V, has a considerably distorted waveform, 
but this may be partially corrected by a harmonic filter, which 
removes those components whose frequencies are multiples of 
the supply frequency. Constant-voltage transformers are avail- 
able for normal mains voltage output (i.e. 200-250 V) and for 


Fig. 5.9. The constant-voltage transformer—schematic diagram 


low-tension supply (6-12 V), at power ratings from 4 W to 6 kW. 
The ‘volstat’} is a constant-voltage transformer with variable 
output voltage, rated at 170 W, with a total harmonic distortion 
of less than 5%. 

A voltage regulator tube (Chapter IV) may be included in the 
supply unit to maintain the output voltage practically constant 
for a varying load current. The circuit is shown in Fig. 5.10(a), 
and the characteristic curve in Fig. 5.10(6). The tube ‘strikes’ 
at Vign, the ignition voltage. The voltage across the tube then 
falls to V;,, the burning voltage for current J;. As the current 
increases to J, the voltage changes only slightly to V,,; beyond 


+ Manufactured by Advance Components Ltd., Ilford, Essex, and by 
Freed Transformer Co., Brooklyn, N.Y. 
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(a) 


(6) I 


(c) 
Fig. 5.10. (a) Voltage regulator tube circuit. (6) Response curve of voltage 
regulator tube. (c) Current and voltage components 
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1, current and voltage rise rapidly together. Typical values of 
these parameters are quoted for the Mullard 150B2 Stabiliser 
Tube: 
Vign 180 V, V;, 147 V, at I, = SmA 
V,, 152 V, ath = 15mA 


The regulator tube is connected in series to a resistor R, which 
is chosen as follows. The maximum tube current Jima, occurs when 
the input voltage Vj is a maximum, when the load current I, is a 
minimum, and when the burning voltage has the value (V;)min» 
the minimum for a tube of this type under J,,,, conditions; this 
defines a minimum value for R, i.e. 


> (Vi) max ae (Vo) min 
Imax + (Ir) min 


Similarly, by considering the conditions for minimum tube 
current, we obtain a maximum value for R: 


(Vi)min ag (V5) max for Tinin 
5 . Tinta + (It) max 


For ignition of the tube, we also require 


R 


Ri 
(Vimia- RR > Vien 


Example (Fig. 5.10(c)) 

If the variations of input voltage V; extend from 255-275 V, and of the 
load current J;, from 10 mA-15 mA, using the Mullard 150B2 tube, 
then: 


p> _275= 152 
(15-+ 10) x 103 
255-147 
ae R < 6L15) x 103 
i.e. 492kQ < R < 540kQ 


So that a suitable value of R would be 5 kQ. Now the mean value of 
the load resistance R, is (150/12-5).10° = 12 kQ, and 


R, is 
Vidmin-R ER = 255X Ta = 180 V 
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which is a suitable voltage for ignition. With R = 5 kQ: 


V; I, Ve I, Ve 
(volts) (mA) (volts) (mA) = (volts) 
255 10 105 11 150 
275 10 123 14-6 152 
255 15 108 6-6 147 
275 15 125 10:0 150 


The table shows that as V; rises at constant J,, J, increases, keeping 
V, almost constant. As J; increases at constant V,, I, falls. An 8% 
rise in V;, or a 50% rise in J, causes only a 2% change in V,. 


<—\p—> 


R 


Fig. 5.11. Reduction of striking voltage for a series combination of 
voltage regulator tubes 


Voltage stabiliser tubes are available with a range of burning 
voltages from about 75-150 V. To obtain regulation at higher 
voltages, two or more tubes may be connected in series across 
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the supply. A resistor R, in parallel with one of the tubes reduces 
theignition voltage of the combination. In Fig. 5.11, iftheignition 
voltage of the tubes is 180 V, without R, in circuit the ignition 
voltage of the series combination is (3 x 180 + Vz) V. R, is chosen 
to have a low resistance (about 1 MQ) compared with the leakage 
resistance of the stabiliser tube; thus, with R, in circuit, most of 
the input voltage V; lies across the other two tubes, which ignite. 
For the first tube also to ignite we require V; = (Vrt+180+2 x 150), 
since the burning voltage of the other two tubes is 150 V. R, has 
thus reduced the ignition voltage by about 60 V. 


<— 125y.2> <— 65V. —> 


np B5V. 
275v. 
: R3 


OUTPUT 


Fig. 5.12. Voltage reference tube-typical circuit. V,, Mullard 150B2; 
V,, Mullard 85A2 


Voltage reference tubes are similar in construction to voltage 
stabiliser tubes ; they are designed to provide a reference source of 
voltage, comparable in stability to that of a Weston Standard cell. 
The Mullard 85A2 tube, for example, provides a burning voltage 
of 83-87 V (this is the variation from tube to tube), which is 
constant after an initial running-in period to 0:-2% or better. 
In Fig. 5.12 a typical circuit for supplying a reference source of 
voltage from an 85A2 tube is shown; voltages and currents in this 
figure refer to the steady burning conditions. It is essential that 
negligible current should be drawn through R3. 
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Hard Valve Stabilisation 

A simple hard-valve stabilised power-supply unit is shown in 
Fig. 5.13. It should be noted that a current (1, + I,), the sum of the 
anode current of the triode and the load current through R,, 
flows through R, from earth to H.T. —ve. Hence the bias on 
the triode grid is the sum of —(/,+J,)R, and the +ve voltage 
determined by the position of the tapping on the potentiometer 
across the H.T. voltage. This will normally be adjusted for zero, 
or a small —ve voltage, on the triode grid. 


Fig. 5.13. Hard-valve stabilised power supply unit—basic circuit 


If now the load current increases, the point A becomes more 
—ve, I, decreases, and the total current (and hence the output 
voltage V.) tends to remain constant. Conversely, a decrease in 
f, makes A less —ve, and gives rise to an increase in [,. The 
change in bias, for a change i, in load current, is — 5i,. R,, and 
i, changes by —g,,.5iz..Rs (p. 80); the change in total current i, 
is thus dir = 8i,.(1~g,,..R;). For example, if g,,= 8 mA/V and 
Ry = 100 Q, dip = 0-28i;. 

In Fig. 5.14 is shown a stabilised power-supply circuit employ- 
ing a cathode-coupled amplifier V2, V3, with separate H.T. 
supply (shown as a battery). Suppose that the output voltage V,, 
due to change of input voltage V; or of load current I,, tends to 
rise. Then the voltage drop across R, increases and the grid of 
V; becomes more — ve with respect to its anode. Hence the current 
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through V; decreases, and the cathode bias across R; is reduced, 
reducing also the cathode bias of V2. Since the grid of V2 is at 
a fixed —ve reference voltage V, with respect to the anode, its 
anode current increases, and its anode potential falls due to the 
increased voltage drop across R,. The grid of V; is thus driven 


vi 


Vo 


(stasitiseo) 


My 
(unstasitiseo) 


Fig. 5.14. Complete stabilised power supply unit 


—ve with respect to its cathode, and the current is reduced, 
correcting the rise in V,. The output voltage remains almost con- 
stant at the approximate value V, = V; x (Ri + R,)/Ri. Inpractice, 
the H.T. battery is replaced by a separate power supply and V, 
by a voltage reference tube (p. 112). 


Detection 

In radio and long-distance telephone communication, informa- 
tion is conveyed by means of an electromagnetic wave of high 
frequency; this wave is called the ‘carrier’, and its frequency is 
the carrier frequency f,. There are several ways in which the carrier 
may be ‘modulated’ so as to convey information. For example, 
the speech frequencies of the voice might be converted into 
voltages of corresponding frequencies—the modulation fre- 
quencies f,,, the amplitudes of these voltages being determined 
by the intensities of the original sounds. If we use the modulating 
voltage to vary the frequency of the carrier we say that this wave 
has been ‘frequency modulated’; this type of modulation is 
used in the B.B.C.’s V.H.F. transmission. 
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We shail consider here a mathematically more simple type of 
modulation, in which the amplitude of the carrier is modulated. 
This is referred to as ‘amplitude modulation’; an amplitude- 
modulated wave may be represented by: 


YU = [Vet Vin Sin wm t)]. sin w,t 


Cha Nh 
qe 


a 


Fig. 5.15. Amplitude-modulated carrier wave 


the carrier voltage being represented by (V,..sinw,t) and the 
modulation voltage by (V,,.sinw,t), both being sinusoidal 
voltages of frequency w,/2m and w,,/27 respectively. The resultant 
carrier wave is shown in Fig. 5.15. 

If f. = 1000 ke/s and f,, = 1 kc/s, there will be 1000 complete 
cycles of the carrier voltage within the modulation ‘ envelope’, i.e. 
within the period, aa’, of a modulation cycle. In practice, the 
modulation is not purely sinusoidal, but may have a very com- 
plicated waveform; for the carrier amplitude to faithfully follow 
the modulation, f, must be very much greater than Fn, and V,, the 
carrier amplitude, must be greater than the maximum modulation 
voltage. 

Over a period of time which is long compared with the carrier 
period, 1/f,, the average voltage of the modulated wave is zero. 
If, however, we remove about one-half of the wave, e.g. by 
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applying it to a diode or to a metal rectifier, the average voltage 
V over such a period is no longer zero, but has a mean value 
between 0 and (V.+ V,,), depending upon the amplitude of both 
carrier and modulation. The ‘half-wave’ is shown in Fig. 5.16(a); 
mathematically, the modulated-wave equation has been resolved 
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Fig. 5.16. Diode detection: waveforms and filter circuit 
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into two components of frequencies f, and f,,, and a direct-current 
component. This process is called detection. If the half-wave (the 
detected signal) is applied to a filter circuit, such as that of Fig. 
5.16(), these three components may be separated. In this circuit, 
R,C, form a potentiometer, across which the alternating com- 
ponents are applied; the d.c. component is ‘blocked’ by C2. By 
suitable choice of circuit component values we may ensure that 
the carrier-frequency component is developed across Rj, 
leaving only the modulation-frequency voltage at V;, the input 
voltage of the next stage. 


Fig. 5.17. Diode detector circuit 


Suppose f, = 1000 ke/s, f;, = 1 kc/s, R; = 100 kQ and C, = 100 
pF. At the carrier frequency, the reactance of C,, Yc, = 15700; 
at the modulation frequency, X¢, = 1:57 MQ. The voltages of 
the two components thus divide across R,C,, as follows: 


Percentage Percentage 
across R, across C; 
Vz 98-5 V, 1:5 
Vin 6-4 Vin 93-6 


A typical diode detector circuit is shown in Fig. 5.17. The 
‘carrier’ frequency is 465 kc/s; at this frequency 


Xc(= Xe) = 3:3kO 
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f= 465kc4 
(a) 


157 kw R; Fel ke/s 


(kes) 
() 


Fig. 5.18. Equivalent circuits of Fig. 5.17, at carrier and modulation 
frequencies 
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and C;, the d.c. blocking capacitor, has negligible reactance, so 
that the circuit reduces essentially to that of Fig. 5.18(a). Only a 
small fraction of the carrier voltage appears across the 1 MQ 
resistor R3. 
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(a) 


WHISKER 
CRYSTAL 


(6) (c) (d) 
Fig. 5.19. The germanium diode: (a) characteristic curve; (b) valve diode 
symbol; (c) germanium diode symbol compared; (d) actual diode, with 
band at the cathode end 


Ata modulation frequency of 1 kc/s, the circuit reduces to that 
of Fig. 5.18(6); about 90% of the modulation voltage appears 
across the impedance Z, (Z, is the impedance of R, and C; in 
parallel at f,, = 1 kc/s) and about 80% across the load resistor 
R;. The values of the circuit components are chosen so as to 
give almost the same output voltage for a constant input voltage, 
for modulation frequencies within the range 100 c/s to 12 ke/s. 


119 


/ thd bd (ll ta 


2) . 
yA (a) 
[me 


(6) 


oH 
Fig. 5.20. Bottom bend detection—circuit and waveforms 
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The modulation voltage tapped off R; (the ‘volume’ or ‘out- 
put’ control) is fed to the grid of the diode-triode valve V; for 
amplification. The cathode bias for the amplifier is derived from 
R, and C,; it should be noted that no bias is applied between 
detector-diode anode and cathode, since R, returns to the top of 
R,. The diode valve, in these circuits, could be replaced by a 
small metal rectifier, or by a crystal detector. The original crystal 
detectors contained two different crystalline substances (e.g. 
bornite and zincite) in contact, or a single crystalline material 
in contact with the tip of a thin metal wire (the ‘cat’s whisker’). 
Nowadays germanium diodes (p. 202) are specially made for 
use at very high frequencies; such detectors are commonly used 
in the microwave region of the electromagnetic spectrum. The 
characteristic curve of a typical germanium diode is shown in 
Fig. 5.19(a); the symbols for the valve and germanium diodes, 
and the actual size of the latter, are shown in Fig. 5.19(b) to (d). 

Any non-linear device will produce unequal amplification of 
the two half-cycles of an applied alternating signal; such a 
device will therefore behave as a detector. For example, consider 
an amplitude-modulated signal to be applied to the grid of a 
triode, biased to the ‘bottom bend’ of its mutual characteristic 
(Fig. 5.20(a)). The bias battery V, (Fig. 5.20(5)) is adjusted so 
that the working point G falls on the bottom bend, i.e. about 1 V 
above cut-off. This is the ‘lower anode bend’ detector. The mean 
anode current, with no signal applied to the grid, is i, and this 
increases to i, for a sinusoidal input-e.g. the ‘carrier’ wave. If 
the carrier is modulated, i, follows the amplitude of the modula- 
tion voltage, varying at modulation frequency. The capacitor C 
removes the carrier component, and the modulation voltage 
appears across the load R;. 
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Problems 


1. Explain how the diode valve may be used for (a) the half-wave 
rectification, (6) the full-wave rectification, of an alternating supply. 
What is the function of the reservoir capacitor? 
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2. Draw the circuit of a smoothed full-wave rectifier, which is 
required to supply 250 V d.c. at 100 mA, based upon a rectifier 
(directly-heated double diode) of the following characteristics: 


heater, 6-3 V, 2:0 A; V, 2x 350 V r.m.s. max.; J, 125 mA max. 
limiting anode resistor, 100 min.; reservoir capacity, 32 uF 
max. with capacitor input to filter. 


3. Modify the circuit of Question 2 so as to include voltage 
stabilisation at 250 V, by means of two neon tubes in series; the 
characteristics of the tubes are: 


Vignition 150 V; Vourning 125 V; Tsk 40 mA; Imin 3 mA; AC. 
resistance 250 ©. 


4. Explain how the non-linearity of certain portions of the triode 
I,/V, characteristics enable the valve to be used as a rectifier of an 
amplitude-modulated sinusoidal R.F. voltage. 
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CHAPTER VI 


Applications of Thermionic Valves (II) 


Amplification— General Principles 

We saw in Chapter IV that variations in grid voltage of a triode 
valve produce corresponding variations in anode current; a 
change de, at the grid produces a change g,,.5e, in anode current 
and a voltage 2mi..5e, = ude, across the valve, where g,, and py 
are the mutual conductance and amplification of the valve (p. 80). 


Fig. 6.1. Triode amplifier— basic circuit 


In order to make use of this amplified voltage, a load-resistor, 
R, must be included in the anode circuit, constituting the anode 
load (Fig. 6.1); effectively, it forms a potential divider with the 
anode resistance r,. The amplified voltage across the load R, for 
an applied signal de, at the grid is now p.de,.R,/(R_+7r,). We 
may replace the conventional circuit of Fig. 6.1 by the equivalent 
circuit of Fig. 6.2 in which the available part of the amplified 
voltage is across R,, and is equal to 


(input voltage at grid) x ». Rz/(Ri +r) 
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This last term is called the stage gain, M, of the amplifier; 
evidently M is always less than», but approaches as R, increases. 
A signal voltage e, = E,.sinwt, applied to the grid, develops 
a voltage e; across R;, given by: 


er = M.e, = M.E,sinwt 


At first sight we might imagine that e, will be a maximum 
(= p.e,) for Ry, > ra. However, the voltage applied to the anode 
is no longer the battery (or power supply) voltage, V,; if the 


R 


Fig. 6.2. Equivalent circuit of amplifier 


steady anode current is /,, a voltage drop (J, Rz) occurs across the 
anode load, and the anode voltage V, = (V;,—J,.Rx). Thus, the 
greater R,, the lower V,, and too large a load resistance may 
bring us on to the curved part of the J,/V, characteristic. In 
practice, R, is often chosen to be about 3 x 7,, so that M = 0°75 yp. 

The valve parameters which were considered in Chapter IV 
applied to ‘test’ conditions. There was no load other than the 
internal resistance of the power supply in series with the anode 
resistance; the valve characteristics under these conditions are 
termed ‘static’. From these may be derived a set of ‘dynamic’ 
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characteristics, appropriate to given values of load resistance Rr, 
and supply voltage V;. In Fig. 6.3 the static characteristics of a 
voltage amplifying pentode (Mullard EF86) are shown. Across 
these, lines are drawn representing combinations of R; and V3. 
Each line is fixed by two points; when J, = 0, V, = V;, giving one 
point, (X,); when J, = V,/Rr, V.=0, giving the second point 
(X,). Included in the diagram is the limiting power-dissipation 


Fig. 6.3. Static characteristics of voltage amplifying pentode (Mullard 
EF86). Load lines and limiting power-—dissipation curve 


curve, V,i, = P,. The limiting anode power-dissipation P, is stated 
by the valve manufacturer. In the present example, P, = 1 W, 
so that at any anode voltage V, the maximum permissible 
anode current (i,)max = P/V, and the limiting curve is the plot of 
Vi, = 1. We are restricted to operation within the area bounded 
by this curve and the axes. From intersections of the load line 
with the static i,-V, characteristic curves, the dynamic para- 
meters of the valve are obtained. After choosing a suitable grid 
bias voltage—the ‘working point’, V,—the performance of the 
amplifier, under varying conditions of load R, and supply 
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TABLE 6.1 
(EF86; V,, = 140 V, V,, = 0 V) 
(1) (2) (3) (4) 


V, (volts) 200 400 400 500 
V, (volts) —2°5 —20 —3-0 —2:0 
Rz (kQ) 50 50 100 62:5 
(a) V, (volts) 95 250 265 312 
(6) V (volts) 20 140 112 175 
(c) V_ (volts) 148 330 360 417 
(d) Distortion (%) 17-2 15:8 23-4 13-2 
(e) A.C, power 
(m-watts) 41-6 90-3 TTS 120 
(/) Amplification 64 95 124 121 


For this valve, mean g,=1:3 mA/V, r,=2°5 MQ, so that p= 4500. 


Hence, with R, = 100 KQ, M = pR,/(R,+ 1,) = 170, as compared with the 
practical value of 124 (column (3)). 


voltage V,, may be computed. In Table 6.1, for each value of 
V;, V, and Rr, are listed: 


(a) the mean (‘no-signal’) anode voltage V.; 
(b) the anode voltage V., for an applied grid voltage 


E,=+1V; 
(c) the anode voltage V_, for an applied grid voltage 
E,=~-1V; 


(d) the inequality of Vs. and V_, expressed as a percentage of 
the total anode voltage ‘swing’, i.e. 


(Vi.4V_) ~ 2Vit 
tx 100 
(Vi-Vs) 
(this is called the percentage distortion); 
(e) the a.c. power output, given by 


[(V_—V4)/2.(4 -1-)/2] = 4(V-—V+).0. -1-) 


where J,, J. are the anode currents at anode voltages 
V., V_, respectively. This is simply Vins. X Jtm.s.. €X- 
pressed in watts. 


+ The symbol ‘ ~’ means ‘subtract the smaller from the greater’. Thus, 
in A ~ B, the remainder is always positive, whether 4> B or A< B. 
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(f) the amplification, 
SV,[8E, = Y=) 


in this case, where EF, = + 1 V. 


The output voltage of a valve will not be of the same waveform 
as the input voltage (for example, sinusoidal) if this input is 
applied over a curved portion of the valve characteristic. The 


(FLATTENED) 


a 


SINE 
WAVES 


Fig. 6.4. (@) Effects of curvature of mutual characteristic curve. 


bottom bend of the i,/V, characteristic leads to flattening of the 

—ve half-cycle, as shown in Fig. 6.4(a); the waveform is in fact 

similar to that of Fig. 6.4(b), which represents \(e;+ en), where 
¢= E,snet, ey = E,sin(2wt—7/2), 

i.e. the sum of a fundamental frequency voltage, and its second 

harmonic, displaced in phase by 7/2. Hence, the effect of curva- 

ture of the characteristic is to introduce a second harmonic 
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component, and it may easily be shown that the percentage 
distortion computed on p. 126 is in fact the percentage of this 
second harmonic voltage, or [En/(Em+E;,)] x 100, where E,, is 
the amplitude of the fundamental and £,, that of the second 
harmonic. 


2422 


TIME 


Fig. 6.4. (6) Resultant waveform—fundamental plus second harmonic 


In Fig. 6.5 the dynamic mutual characteristic is drawn 
for R, = 50 KQ and VY, =400 V. It is seen to be less steep 
than the ‘static’ characteristics; from its slope the dynamic 
mutual conductance is 1-3 mA/V, compared with the (static) g,, 
of 2-5 mA/V, taken over the linear portion of the curve (mean 
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2m = 1:8 mA/V). By considering the variations in anode current 
resulting from a grid swing of E, = + 1 V applied to the dynamic 
mutual characteristic, the same conclusions regarding ampli- 
fication and distortion may be arrived at as previously (Fig. 6.3). 


Fig. 6.5. Dynamic mutual characteristic curve (Mullard EF86) 


From the data of Table 6.1 the conditions of column (2) 
appear to represent optimum conditions; if the extra voltage 
V, is available, column (4) shows increased amplification and 
rather lower distortion. 


Power Amplification 


The above considerations apply to a voltage amplification stage, 
the object of which is to amplify the voltage of an input signal. 
In the final stage of an amplifier, however, the large voltage swing 
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100 200 300 400 Vo, 
Fig. 6.6. Static characteristic curves for output pentode with resistive load 
(Mullard EL37). Load lines 


TABLE 6.2 
(EL37; V,, = 250 V) 
(1) (2) (3) 


V, (volts) 300 400 400 
V, (volts) —12 -12 —9 
Ry (kQ) 2°55 2°5 1-5 
V, (volts) 75 125 160 
V.. (volts) 37 75 110 
V_ (volts) 120 180 215 
Distortion (%) 8-4 48 48 
A. C. power (m-watts) 367 585 910 
Anode dissipation 

(watts) 6°75 13-1 24:8 
Efficiency (%) 5 4 3 

The efficiency is: 


A.C. power output 00 
\Power dissipated at the anode 
The working conditions of column (2) would be suitable for input 
voltages up to about 10 V peak. The no-signal anode current is then 100 
mA, so that the working point could be obtained by a cathode resistor of 
120 Q. 
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must be converted into electrical power, capable of operating a 
pen recorder, electromagnetic relay or loudspeaker. A power 
output valve is used, operating with a high anode voltage, and 
having an anode current considerably larger than that of the 
EF86. Such a valve is the Mullard EL37, typical characteristics 
and load lines for which are shown in Fig. 6.6. The results of a 
similar analysis to that described on p. 126 are listed in Table 6.2. 
V, and V_ now refer to a signal voltage E, = +3 V. 


Push-pull Amplification 

Distortion occurs when the positive and negative half-cycles of 
the input voltage are unequally amplified; this can be very 
considerably reduced by using two output (or voltage-amplifier) 
valves in ‘push-pull’, as shown in Fig. 6.7. 


Fig, 6.7. Push-pull amplifier circuit 


The ends a, b of the transformer T; secondary winding are in 
phase opposition; with respect to the centre tap c, when a is 
positive, b is negative, and vice versa. The grid signals applied to 
V, and V; are therefore in anti-phase, so that the outputs of these 
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valves are as shown in Fig. 6.8(a). The input voltages at points 
a, band c are shown at e,. V2, V3 represent the anode voltages of 
valves V2, and V; respectively; a curved portion of the charac- 
teristic has been chosen to show that the sinusoidal input 
voltage becomes distorted. The primary of the output trans- 
former T) is also centre tapped at d, so that the voltage across ef 
is the vector sum of Vz and V3. This is shownas V, in Fig. 6.8(5); it 


(y+ V5) SINE WAVES 


(a) (2) 
Fig. 6.8. (a) Anode current curves for push-pull amplifier. (6) Resultant 
output of push-pull amplifier 


will be observed that the distortion has been practically elimin- 
ated. It is necessary to match V, and V; rather carefully, as 
regards both the type of valve and the working point; for this 
purpose, the cathode bias resistors are made independently 
variable. 

It is not necessary to feed transformer 7; in parallel from the 
H.T., since the d.c. components of V2 and V3 flow through the 
primary winding in antiphase, and do not tend to magnetically 
saturate the core. 


Coupled Amplifiers 

Two or more stages of voltage amplification may be connected 
in ‘cascade’ (i.e. in series). For low-frequency voltages, the valves 
may be triodes; for high frequencies, however, because of the 
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inter-electrode capacity coupling between the stages (mainly 
Cy, a) P. 82) it is essential to use tetrodes or pentodes in order to 
avoid oscillation. The connection between two stages—the inter- 


HT. + 


Fig. 6.9. (a) Resistance-capacitance coupled amplifier. (6) Equivalent 
circuit 


stage coupling—may be via capacitance and resistance, or via a 
transformer. 

(i) Resistance-capacitance (R-C) coupling. The actual circuit, 
and part of the equivalent circuit, are shown in Figs. 6.9(a) and | 
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6.9(b) respectively. Ro, Rs are the anode loads and R3, Ry the 
cathode bias resistors of the two stages. C, R, is the interstage 
coupling circuit, feeding the output of V; to the grid of V2. The 
two stages are also coupled, however, by the internal resistance 
of their common H.T. supply; this is unwanted coupling, which 
may lead to positive feedback and the generation of oscillations 
(p. 153). To prevent this, the H.T. end of the anode resistors is 
connected to earth, as regards alternating voltages, by the capaci- 
tors C;, Cs; the common H.T. resistance is increased to a few 
kilohms by resistors R, and Rs, so that the a.c. component takes 
the low-impedance path to earth via the capacitors. The circuits 
R,C, and Rs Cs, are called anode decoupling circuits; for medium 
impedance triode valves operating at audio-frequencies, typical 
component values are: 


Ri, Rs: 10 kQ Ci, Cs: 0-5 pF 

Ry, Re: 50 kQ Cy : O1 a 

R3, Rz: 750 Q C3, Cy: 50 pF (electrolytic, low 
R, : 250 kQ ‘ voltage) 


The equivalent circuit of the first stage of this amplifier is drawn 
in Fig. 6.9(6); the input voltage e, at V; grid appears at the anode 
as pe,. The anode load R; (earthed to a.c. at the top end by C;) is 
shunted by the series combination C,R,; if this reduces the 
resultant resistance to R3, the voltage at V,; anode is 


pe, Ri|(R3 +1.) 


where r, is the anode impedance of V;. This voltage is applied to 
the potential divider C,R,; the output across Ry, applied to V2 
grid, is e,,, where: 
_ pe,..R3 . Rg 

(Ritre) VERE+ (1/a? CD] 
The coupling capacitor C, is made large so that practically the 
whole of the output voltage of V; is applied to the grid of V2. 
R, should be large, so as not to shunt the input impedance of V,; 
it is limited only by the need to keep the time constant of C, Ry 
reasonably small, otherwise stray electrons will develop a nega- 
tive bias voltage on V2 grid. 

Since w occurs in the above equations, the grid voltage eg, is to 
some extent frequency dependent. If, however, Ry> 1/wC, 
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Cr, = U-R3/(Ri+1,) = M_.e,. Rj is now the resultant of R, and Ry 
in parallel, neglecting the reactance of C2. Further, if Ry > R>, as 
is usually the case, 


R= R, Ra/(R.+ Ry) = Rz 
and Ce, = [wRo/(Ro+7ra)) .e 


Example (refer to Fig. 6.9(a)) 
If w = 20007, R2 = 50 kQ, Ry = 250 kQ, C= 01 uF and r, = 12kQ, 
H(V}) = 40, then Xo, = 1-6 kQ, <R,, and also R,> R2. Hence, 


40 x 5x 10* 
ey, = “62x10° °% = 32¢e,. 


If the second stage is based upon a similar valve the final voltage 
Vo = (32). e,, or 1024e,. Thus, a signal , = 0-03 sin 2000zt, applied to 
V, grid, produces a voltage €e, = 0:96 sin (2000at — z) at the grid of V2, 
and an output voltage V, = 30-7 sin 2000zt at V, anode. 

The a.c. power developed at Vz anode is 


Exams, Tems. = (30°7/+/)(2.0-75/4/2) = 11-5 mw 


To develop more power, we might apply the final voltage e, to the 
grid of a power amplifier, such as the EL37 valve. Because of the large 
voltage available, however (30-7 V peak, or 21-8 V r.m.s.), we may use 
two EL37’s in a push-pull circuit, as in Fig. 6.7. Since the anodes are 
supplied via the output transformer primary winding, which has a 
small d.c. resistance, the anode voltage for no signal applied will be 
practically the supply voltage E;. If the a.c. ‘resistance’ (the reactive 
load) is taken as 3 kQ, we can draw a load line, passing through 
V, = E, at the value of J, corresponding to zero input signal—instead 
of at J, =0, as with a resistive d.c. load. This load-line is shown in 
Fig. 6.10; the no-signal conditions are: 


V, = 400 V; V,, = 400 V; I, = 50mA; V, = —35V 


The peak of the positive half-cycle of the input signal raises V, to 
~4V, and J, to 155 mA; V, falls to 20 V. The a.c. power is thus 


(155—50) (400—~20) 
IE x 7, mW 
developed by each valve in turn; i.e. output power = 20 W. 
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If the input impedance of this stage is 100 kQ, the input power is 
V? (r-m.s.)/Z; = (21-8)?. 10-5 W. The stage gain is therefore 
10 log 20/[(21-8)?. 10-5] 
or 36:3 db. 


(ii) Transformer coupling. For amplification at audio and 
intermediate (p. 22) frequencies, the transformer-coupled 
amplifier is generally used. A typical circuit is shown in outline in 
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Fig. 6.10. Pentode output valve—load line for reactive load 


Figs. 6.11(a) and 6.11(5). The transformer primary is parallel-fed, 
via C,, so that the steady anode current of valve V; does not flow 
through it; thus ‘saturation’ of the core is avoided. In a high-gain 
amplifier, anode decoupling might be necessary, but it is not 
shown in this diagram. If the effective resistance of the V; anode 
load is R,, and that of the V2 grid is R,, we require a transformer 
of turns-ratio T, where T? = R,/R, (p. 71). For an input voltage 
e,, the output voltage of V; is given by (uw. Rz)/(Rr +7.) -e,, and is 
equal to i,.Rz, where r,, i, are the anode resistance and the 
anode current, respectively, of V,. Hence: 


i an b.eg — beg 
* (Ri+%a) — (Rg{T?) +1 


136 


Fig. 6.11. Transformer-coupled amplifier and equivalent circuit 
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and YV, the primary voltage = i,.R, = i,.R,/T’ 


Hes, 


V, the secondary voltage = T.V, = RelT CRIT) +r, 


and this is the input voltage to the grid of V2. 

The stage gain M = V,/e, = (u.R,)/(T.ra+R,/T). To find the 
transformer ratio for maximum gain we equate (dM/dT) to zero, 
obtaining Tmax = V(Rg/ra); Mimax = p/2. V (Rg! rq) =pT/2. For 
example, a triode of effective input resistance 1 MQ, fed from a 
valve of r, = 20 kQ, requires T = 4/(10°/2 x 10*) = 7-1 for maxi- 
mum gain. If » for V; is 20, Mmax = 20/2 x 7-1 = 71. This is the 
optimum stage gain M from the input signal at the grid of V, to 
the grid of V2. 

Transformers may give rise to enhanced response at certain 
frequencies, corresponding to resonance of the windings with 
stray or self-capacitance. To avoid these effects, the windings are 
sometimes ‘damped’ with parallel resistors. 

At intermediate frequencies (i.e. those between audio- and 
radio-frequencies), usually about 500 kc/s, the transformer 
windings are tuned, either by small variable capacitors (trim- 
mers), or by an iron-dust core or ‘slug’ within the winding. A 
tuned-transformer amplifier is shown in Fig. 6.12; tuning of both 
primary and secondary windings, since they are close-coupled, 
leads to the band pass characteristic shown on the right of the 
figure. R, C; forms the anode decoupling circuit of valve V;. 

The amplification of higher frequencies presents considerable 
difficulties. Above a few megacycles per second stray capacitance, 
due to the proximity of components and leads, presents a com- 
paratively low reactance; the resulting coupling between stages 
may lead to oscillation (p. 153). Tetrode or pentode valves must 
be used, because of the effects of inter-electrode capacities in the 
triode, and common H.T. and L.T. supplies must be decoupled. 
The most convenient frequency at which to carry out multi- 
stage amplification is about 500 kc/s; transformers and decoup- 
ling-circuit components for this frequency need not be large and 
tuned circuits of high ‘Q’ may be readily designed, whilst the 
effects of stray capacitance are not very serious. For this reason 
most of the amplification in the superheterodyne type of radio 
receiver is carried out at such a frequency—the intermediate fre- 
quency f; (465 kc/s is commonly chosen)-obtained by combining 
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the signal received on the aerial with a local signal generated 
within the receiver. This local signal is derived from a variable- 
frequency oscillator—-the local oscillator-which follows the 
frequency of the aerial circuit as this is ‘tuned’, but at a fixed 
distance of f; from it. The signals are combined by a frequency- 
changer (or mixer) valve, the output of which is a tuned amplifier 
of the type shown in Fig. 6.12, resonant about the frequency jj. 


Negative Feedback 

We have seen (p. 131) that one way to reduce distortion due to 
the curved i,/V, characteristic of a valve is to use two similar 
valves in a push-pull amplification stage. 


Fig. 6.13. Voltage negative feedback 


An alternative method is to feed back part of the amplified 
signal, in opposition to the input signal; hence, if the input 
voltage tends to increase a large bias is developed, and the overall 
gain is maintained more nearly constant. This is an application 
of negative feedback. 

Consider the circuit of Fig. 6.13. 

R, is small compared with the input resistance R, of the valve, 
so that practically the whole of the input voltage e, appears 
between grid and cathode. The output voltage pe, is developed 
across R; and R;, in series with the anode resistance r,. Hence, 
the voltage V2 across R2 may be expressed: 


— peg (Rit R2) Ry 
(Rit Rot+1ra) “(Ri +R) 


Since p»R/(R+r,) = M, the amplification factor: 
V2 = —M.e,.Ro/(Rit+R2) = —M.e,.B 
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where 8 = R2/(R: + R2), and represents the fraction of the output 
voltage which is fed back into the input; the negative sign before 
the expressions for V2 indicates that this voltage is in phase 
opposition to e,, the input voltage. If the gain M is greater for a 
positive half-cycle than for a negative half-cycle, then the feedback 
voltage —8M.e} varies in the same way. By careful choice of 
components the output voltage, which depends upon the differ- 
ence between e, and BM.e, (i.e. upon the sum of e, and V2), is 
maintained practically constant. The stage gain of an amplifier, 
in which a fraction f of the output voltage is fed back into the 
input in phase opposition, is reduced from M to M’, where 
M’ = M/(1+ MB) (see p. 151). 


Example 
For the circuit of Fig. 6.13, if Ry = 30 kQ, R, = 3 kQ, 8 = 3/33 =0-09. 
If the valve parameters are g,,=3 mA/V, r,= 10 kQ, then p = 30. 
M = (30 x 33)/(33+ 10) = 23. The application of negative feedback 
voltage: 

e, = —MB.e, = —2:-1le 


L 


| +} 


Fig. 6.14. Current negative feedback 


Rt 
HT. + 


reduces M to M’, where: 
M’ = 23/(1+23 x0-09) = 7-7 


In the previous application of negative feedback an antiphase 
voltage was derived from the output, and applied to the input. An 
alternative method is to omit some or all of the decoupling across the 
cathode bias resistor of a stage; this is known as current negative feed- 
back, and is illustrated in Fig. 6.14. 

Since the grid and cathode voltages are in antiphase, the a.c. com- 
ponent across Rc tends to oppose the applied grid voltage e,; for 
example, if e, swings more positive, the anode current i, increases, and 
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the cathode becomes mote positive with respect to earth-tending to 
reduce i,. The fraction 8 of the output voltage which is fed back in 
opposition to e, is now Rco/(Rco+R,). Current negative feedback 
tends to reduce distortion by reducing unequal amplification of the 
two half-cycles of the input signal, similarly to the voltage negative 
feedback. 

The signal-to-noise ratio of an amplifier, which limits the amplifica- 
tion of very small input signals, may be improved by negative feed- 
back; frequently, in small-signal amplifiers, the early stages are 
operated with 8 = 0-5, or greater. 

The converse of negative feedback—positive feedback—requires 
that the ‘returned’ voltage shall be in phase with the input; this gives 
rise to oscillation (Chapter VII). 


The Cathode Follower 
In the circuit of Fig. 6.15, the loading of the valve is entirely in 
the cathode circuit; applying the result for current negative 
feedback B=Rc/(Rc+R,), then, since R,=0, B=1 and 
M =pR-|(Rc+r.). Now the application of negative feedback 
reduces M to M’ = M/(1+ Mf); substituting, and putting B = 1, 
we obtain M’ = (uRc)/[ra+(1+H).Rc], which is less than unity. 
The cathode follower, therefore, produces current amplification, 
but not voltage amplification. 

For an input voltage e,, the output voltage is M’.e, =i... Rc. 


Hence 
bh. eg [u/Q +y)].e, 
rat(i+u).Re Re+ral(l +H) 
Thus p is reduced to p’ = y/(1 +), and r, is reduced to r,/(1 +), 
as shown in the equivalent circuit of Fig. 6.15(6). 
The output resistance of the cathode follower R, is the resultant 
of Re in parallel with r,/(1 +p), ie. 


_ Rr f(l+p) ss R.1a 
° Retrdd+ey) rat +p) Re 


i, = 


~ (Retreat uRo) (l+#Re/ra) (1+8mRc) 


For example, a pentode valve of u = 1000 (e.g. the 6K7G) and 

= 600 kO, with a cathode load R¢ of 2 kQ, presents an output 
resistance R, of 465 QO and M’ = 0-76. This circuit may be used 
to match a high-impedance source to a low-impedance load. 
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The cathode follower does not introduce phase inversion of 
the signal as in a normal amplifier stage; a +ve pulse applied 
to the grid drives the top of Rc positive also. It is generally used 


H T+, 
Ro 

~) ie 

H.T—- 
(a) 

2. 
t+p 

(5) 


Fig. 6.15. (a) Cathode follower. (6) Equivalent circuit 


where two stages of widely different impedance are to be coupled, 
e.g. in the connection of a Geiger—Miiller tube to an amplifier 


(p. 190). 
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The Classification of Valve Amplifiers 


Amplifiers (and oscillators also) are frequently classified accord- 
ing to the conditions of working of the valve—i.e. the position 
of the ‘working point’ on the mutual characteristic. Although 
considerations of efficiency are of most importance where high 
power is concerned, the terms used are applied to describe quite 
low-power circuits operating under similar conditions; a brief 
description of this classification is therefore given. 


CLASS 8B 


Fig. 6.16. (a) Class B operation of amplifier 


If the valve is biased so that the complete input voltage swing 
occurs over a straight portion of the valve characteristic, it is 
said to be working under ‘Class A’ conditions. Anode current 
flows even when no signal is applied to the grid, and the efficiency 
of power conversion (from d.c. to a.c.) is less than 50%; however, 
the output voltage is a faithful copy of the input (in the case of 
an oscillator, the output is purely sinusoidal). The working is 
sometimes called Class AB if the negative peak of the grid swing 
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just reaches V, c—o. This would be the case if the working- 
point was chosen as a, Fig. 6.16(a). 

Efficiency is improved if the working point is changed to db; 
anode current is now practically limited to the periods of positive 
grid swing with respect to V,. There is considerable distortion, 
but the amplitude of the fundamental component is about the 
same as under Class A conditions, so that the efficiency is 
increased, to a maximum theoretical value of 70%. A tuned 


CLASS C 


{ 
! | { 
{Vi 
TIME 
Fig. 6.16. (6) Class C operation of amplifier 


circuit in the anode is required to select the fundamental com- 
ponent. Alternatively, two valves in push-pull (p. 131) may be 
operated under Class B conditions. This is Class B operation. 

Still greater efficiency (c. 85°% max.) results from biasing the 
valve beyond cut-off, as in Fig. 6.16(6). Only a portion of the 
positive grid swing causes anode current to flow; distortion of the 
grid input signal is greater than in Class B amplification, and 
this mode of operation is mainly used to amplify the high- 
frequency carrier voltages of radio transmitters, etc. It is called 
Class C operation. 
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D.C. Amplifiers 
The output from a photo-cell, or from a Geiger—Miiller tube, 
consists of unidirectional pulses; if it is required to amplify this 
output, a direct-coupled (d.c.) amplifier is required. 

Suppose a signal of 0-5 V is applied between grid and cathode of 
a triode valve, for which g,,= 3 mA/V. The change in anode 
current di, = 1-5 mA, and, if the anode load is 20 kQ, the change 
in anode voltage SV, will be 30 V; the d.c. input has been ampli- 
fied 60 times. In practice, of course, the ‘dynamic’ g,, correspond- 
ing to this anode load should be used, which would reduce the 


i] 
En 


2 


Fig. 6.17. Battery-operated d.c. amplifier 


gain to about 20. Evidently, two stages of amplification would 
produce an overall gain of about 400. 

However, there are difficulties in coupling stages for d.c. 
amplification, since the H.T. cannot be isolated by capacitors. 
To prevent the second valve from running into grid current, it 
would be necessary to use a high bias voltage; in the circuit of 
Fig. 6.17, E,, must be greater than (Ey, —i,,R;) and E;, must be 
greater than £,. 

An ‘all-mains’ version of this two-stage amplifier in which the 
voltages are derived from a resistance chain across the H.T. 
supply is shown in Fig. 6.18. Suppose the anode current of valve 
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H.T. = H+ 


Fig. 6.18. Mains-operated d.c. amplifier 


V, is i,,; then the grid of V2 is at a negative potential with respect 
to its cathode if (i,,..R1)>Vo,.. If a d.c. voltage is applied to 
V, grid as shown, i,, increases, hence V,, decreases, and the 
anode voltage of V2 rises. The output and input voltages are 
therefore in phase. 


PENTODE AS LOAD 


H1.0 Lb 
Fig. 6.19. D.C. amplifier with pentode valve load-the Horton amplifier 


A variant of this circuit employs a pentode valve as the triode 
anode load; this is the Horton amplifier shown in Fig. 6.19. The 
effective anode load is the r, of the pentode, but there is only a 
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small voltage drop across this load, and the gain is therefore very 
high. 

One difficulty associated with d.c. amplification is that varia- 
tions in H.T. supply voltages, or in valve characteristics, are 
equivalent to variations in the input, and are amplified accord- 
ingly. The useful amplification is thus sometimes limited by the 
stability of these factors. Such changes can be balanced out to 
some extent by a push-pull d.c. amplifier, as shown in Fig. 6.20. 
The figures without brackets show the changes in grid and anode 


P -lo Gu) +100 ilo) 


-10 
. 


= G9) a | 
~loo (-90) 


Fig. 6.20. Stabilisation of d.c. amplifier 


voltages resulting from an applied voltage V, of 2 V; the output 
is 200 V. Now suppose that the H.T. voltage decreases, so that 
the anode voltages fall; grid and anode voltages are now as given 
by the figures in brackets, but it will be observed that the output 
voltage has not changed. 

An alternative method of amplifying d.c. signals makes use of 
the vibrating-plate capacitor. The d.c. input is converted into 
an a.c. voltage, and amplified by a conventional a.c. voltage 
amplifier; the loading on the circuit under test is reduced to 
about 10~'° amp. The a.c. output is then converted back to d.c. 
by a suitable rectifier. 
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A commercial instrument on these lines is the Vibron electro- 
meter}; the following is a brief account of the principle of 
operation. Suppose the d.c. input voltage V; is applied to the 
parallel-plate capacitor C, of Fig. 6.21; this will charge, via 
resistor R,, to the input voltage. The capacity C; = A/4nd, 
where A is the area and d the distance apart of the condenser 
plates. The charge stored in the capacitor is @ coulombs, where 
Q=C,V; (with C, expressed in farads). 

In the Vibron unit the upper plate of the capacitor is fixed, 
but the lower plate oscillates about a mean position, so that dis 
a function of time; we may write d,=d)+d,sinwt, where 


Sir! AMPLIFIER 


NEGATIVE FEED-BACK are! 


PHASE 
SENSITIVE 
RECTIFIER 

AND 
METER 


| g 6-3V 50-60¢/s 


Fig. 6.21. The Vibron amplifier—basic circuit 


w = 2n x frequency of oscillation. If the time-constant RC, is 
long, so that Q remains sensibly constant over a period of one 
cycle of the capacitor plate, the voltage V across the capacitor 
varies with d, i.e. 


ae 


= (47Q/A).d = 41Qd,)/A+—=— . sin wt 


The first term is the d.c. voltage V;, so that 
V= Vit V; d,/do). sinwt 


Hence the a.c. component of Vis proportional to Vj and to dj/do; 
this component is applied via C2 to the grid of an a.c. amplifier 
valve. The vibrating capacitor is energised by a 6-3 V 50 c/s 


t Produced by Electronic Instruments Ltd., Richmond, Surrey. 
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solenoid, enclosed in the Vibron unit; because of the dependence 
of V on the ratio d,/d, the plates are optically worked and 
polished, and are enclosed in an inert gas. The amplifier is operated 
with negative feedback to improve its stability; to prevent this 
from becoming positive feedback if the polarity of V; is reversed, 
a phase-sensitive rectifier is necessary, and is incorporated in the 
electrometer. 


NOTES 


The Effects of Negative Feedback 


In Fig. 6.22 suppose that the applied signal voltage is purely 
sinusoidal, given by e = £,sinwt. This is not the input voltage to 


c 
a L & 


FEEOBACK 
CIRCUIT 


Fig. 6.22. Negative feedback network 


the stage, however, because a fraction 8 of the output voltage is 
fed back in opposition, constituting the negative feedback. There 
are three voltage components in the output: the fundamental, 
an amplified signal-frequency component, a second harmonic 
component arising from the distortion of the stage, and a noise 
component. The output of the stage under negative feedback 
conditions may therefore be expressed: 


@o = Eycoswt+ Dy. Ey cos 2wt + E,ycos w, t 


where Ep is the amplitude of the fundamental component, D, 
the distortion-factor of the amplifier, and Z,, the amplitude of 
the noise component—the last two under feedback conditions. 
The frequency of the noise component is w,/27. 
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Since a fraction 8 of this output is fed back, the true input 
voltage e; is given by: 


e; = (£,—BE)).cos wt — BD; Ey.cos 2wt — BE yy. cos w, t 
If the gain of the stage without feedback is M, ¢) = M.e,, 
€o = M(E, — BE ).cos wt — MBD; Ey.cos 2wt — 
— MBE,;.cos w, t+ MD(E, — BEp).cos 2wt + 
+E, COS wy t 


the last two terms being introduced by the distortion and noise 

of the stage. D and E, are respectively the distortion-factor and 

the noise-component amplitude under no-feedback conditions. 
These two expressions for é) must be equivalent, i.e. 


E£ocos wt + DeEy.cos 2wt + E,y.COS wy t 

= ME,.cos wt ~ MBEy.cos wt — MBD;Ey.cos 2wt — 

— MBE, ,.cos w,t+ MD(E, — BEo).cos2wt + E,.cosw,t 
Equating the component terms, for the fundamental: 
Ey = M.(E,;—BEo) 
or Eo/E; = M/(1+ MB). The ratio E,/E, defines the overall gain 
of the stage under feedback conditions, M; say, so that 
M; = M.1/(1+ MB) 
For the second harmonic component, 
D/(Eo+ MBE,) = D.(ME,— MBE») 

M(E; — BEo) 
“(Eo + MBE) 
For the noise component: 

Exp = En—-MBEnp or Ene = En.1/(1+MB) 


Thus the application of negative feedback reduces the gain by 
a factor 1/(1 +), and reduces the second harmonic distortion 
and noise in the same ratio. This ‘improvement’ will normally 
depend upon the frequency, since M depends on frequency; if, 
however, the term MB>1, M/(1+MB)=1/8. Hence Fp/E, 
becomes independent of the frequency characteristics of the 
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amplifier, depending only on those of the feedback circuit; a 
reactive feedback circuit may be used to correct the frequency 
response of the complete amplifier. 
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Problems 


1. From the data of Fig. 6.3 plot the following load lines: (a) 50 
kQ, supply voltage 300 V; (6) 100 kQ, supply voltage 300 V. 

Compare the operation of the resultant amplifiers to alternating 
voltages of 4 V peak-to-peak amplitude and of audio-frequency. 

2. From the ‘equivalent circuit’ of the triode valve, explain why it 
is unsatisfactory as an amplifier of high frequency alternating voltages, 
How may its disadvantages be overcome? 

3. What is the overall gain of two such stages as those of Fig. 
6.9(a), having the following component values: R. = 100kQ, R, = 250 
kQ, C, = 0-01 pF;r, and p for each valve are 50 kQ and 50, respectively. 
The input voltage is of fixed frequency, such that w = 10007 radians 
sec", 

Answer. Overall gain = 1000. 

4. What are the advantages of applying negative feedback to an 
amplifier ? 

The amplifier valve in the figure has r, = 15 kQ, g,, =2 mA/V. If 
R, = 18 kQ and R, = 2 kQ in this circuit, find the amplification, M, of 
the stage. 

If negative feedback is now employed, calculate the reduced stage- 
gain, M’. 

Answer. M =17-1; M’ = 6-31. 
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CHAPTER VII 


Applications of Thermionic Valves (IID 


Introduction— Valve Oscillators 

We have previously considered feeding back part of the output 
voltage into the input, in phase opposition to the applied voltage; 
this constitutes negative feedback (p. 140). If the voltage fed back 


H.1.+ 


HT - 


Fig. 7.1. (a) Valve oscillator—basic circuit 


is in phase (or has a considerable component in phase) with the’ 
signal, we have positive feedback, and, under suitable conditions, 
the valve becomes a voltage generator or oscillator. 

Suppose, on connecting the circuit of Fig. 7.1(@) to H.T. and 
L.T. supplies, a current i, = Jg.sinwt flows in the grid circuit— 
i.e. a sinusoidal current of amplitude Jg¢ and frequency w/27. 


153 


LABORATORY AND PROCESS INSTRUMENTS 
If the resultant impedance of the grid circuit is capacitive, a 
voltage e, is developed across it, where 


e, = Eg.coswt = (Ig¢/wC,).cos wt 


and C, is the equivalent capacitance of the grid circuit. i, leads 
e, by 7/2, and the variation in anode currentis i, = I,.coswt. This 
current flows in the anode coil, which is mutually coupled to the 
grid, and an e.m-f. is induced in the grid circuit of magnitude 
wMi,, leading or lagging on i, according to the sign of M, the 
mutual inductance. If this injected voltage has a large component 
in-phase with the initial voltage e,, the current i, is increased and 


—oMi, sing wMi, sin ¢ 
Fig. 7.1. (6) Phase diagram of oscillator 


oscillations are maintained at frequency w/27. The phase 
relationships are shown in Fig. 7.1(b). If M is positive, oscilla- 
tions are maintained; if M is negative, they decay. 

The energy fed back into the grid circuit is the product of 
current and voltage, i.e. 


(wMi,).ig = (wMBm.eg).ig = (wMm./wC,) . i? 


The energy dissipated in the grid circuit is R, i?, where R, is the 
Tesistive component of the circuit; hence, for oscillations to be 
maintained, we require: 


Riz < Mgm.i?/C, or M > C, Rylgm 
154 


APPLICATIONS OF THERMIONIC VALVES (III) 
A more rigorous derivation leads to the expression 


M2 C, Rz|8mn 


where g,, is the mutual conductance of the valve under operating 
conditions, i.e. the dynamic mutual conductance, as compared 
with the static value g,,. However, we have illustrated the impor- 
tance of the mutual coupling in establishing the conditions for 
oscillation. 

The grid circuit is similar to that considered on p. 41, having 
a natural frequency f= 1/27. +/(1/LC—R’/4L”). The damping 
of oscillations in this circuit is overcome if M satisfies the above 
condition, and an oscillatory voltage of constant amplitude is 
maintained. If M exceeds the limiting value C, R,/g,, the ampli- 
tude of the oscillatory voltage increases, but the power loss 
increases also; the effective value of g;, is reduced until the 
equality is again established. 


Example 
If C, = 100 pF, R, = 10 Q and g’,, = 2 mA/V, the minimum value of 
M, for oscillations to be maintained, is: 


10-'°.10 


Mais = 9540-3 


= 0-500 pH 
Where greater power output is required it is usual to include the 
tuned circuit in the anode, and to feed back from the grid circuit. 


Practical Valve Oscillators 

In the Hartley oscillator a tapped inductor is used to provide 
feedback in the correct phase. The steady anode current may be 
in series with the oscillatory current (series oscillator), or in 
parallel with it (parallel oscillator); these cases are illustrated in 
Fig. 7.2(a) and 7.2(b). For oscillations to be maintained the 
voltages across AC and CG should be in phase opposition; this 
is ensured by the cathode tapping C, between A and G. The 
magnitude of the feedback voltage may be adjusted by moving 
the cathode tap; the usual arrangement is with C one-third along 
the coil from G. The frequency of the oscillator may be varied 
by the capacitance across the coil AC. 
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H.T.+ 


HT. — 


Fig. 7.2. Hartley oscillator: (a) series circuit 


HI+ 


HT- 
Fig. 7.2. Hartley oscillator: (6) parallel circuit 


HT. + 


HT. — 
Fig. 7.3. Colpitt oscillator: (@) with external capacitors 
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HT+ 


Fig. 7.3. Colpitt oscillator: (6) utilising inter-electrode capacity of valve 


H.T.— 
Fig. 7.4. Tuned anode-tuned grid oscillator 


157 


LABORATORY AND PROCESS INSTRUMENTS 

The Colpitt oscillator (Fig. 7.3(a)) uses a capacitance divider to 
provide feedback. The ratio C,/C, determines the feedback to 
the grid; C, provides the ‘tuning’ of the main oscillatory circuit. 
At radio frequencies, C, and C, will be small; they may even be 
replaced by the inter-electrode capacitances of the valve, as 
shown in Fig. 7.3(). 

If the grid circuit is tuned to approximately the same frequency 
as the anode circuit, its impedance at the resonant frequency of 
the anode is high, and feedback is thus increased at this fre- 
quency; the two circuits must not be exactly ‘in tune’, for this 
conflicts with the phasing requirements. Such a circuit is illus- 
trated in Fig. 7.4, and constitutes the tuned-anode tuned-grid 
oscillator. There is no mutual coupling between the circuits; if 
the valve is a triode, the grid-anode inter-electrode capacity is 
generally sufficient coupling, and it may be supplemented by a 
small external coupling capacitor. 


Automatic Grid Bias for Oscillators 

If the amplitude of oscillation is sufficiently great, the grid of the 
valve will be driven positive, and grid current will flow; this will 
introduce heavy damping into the circuit, so that the amplitude 
will decrease until the grid is at about zero potential. If, however, 


Fig. 7.5. Oscillator grid bias circuit 
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a capacitor C, and resistor R, are connected in the grid circuit as 
shown in Fig. 7.5, grid current will charge C, as shown, and a 
negative bias will reduce the grid potential to zero on the peak 
of its voltage swing. This bias is self-adjusting; if the oscillation 


MEAN BIAS 
DEVELOPED: —Vp 


Fig. 7.6. Automatic bias adjustment 


amplitude falls, C, will discharge via R, so as to restore E, to zero, 
and vice-versa if the amplitude increases; the amplitude is thus 
kept practically constant. For this reason the circuit is said to 
develop ‘automatic’ grid-bias for the oscillator. 
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The time constant (CR) must not be too great, or a large 
negative bias may reduce the anode current below the limit 
necessary to maintain oscillation; the valve then ‘cuts-off’ until 
this bias has leaked away, when oscillation starts again. The 
output thus consists of short ‘bursts’ of oscillation, followed by 
quiescent periods; this behaviour is called squegging. 

As power is taken from the oscillator the bias automatically 
reduces so as to maintain the amplitude constant. In Fig. 7.6, 
if more power were taken from the oscillator, the bias would 
change to a less negative value than (— V;). 


Dynatron Oscillator 

The anode current-anode voltage characteristic of a normal 
tetrode valve (i.e. without beam-forming plates) shows a region 
of negative dV,/di,, ic. of negative resistance (p. 87). Consider 


Fig. 7.7. The dynatron oscillator 


the circuit of Fig. 7.7. The tuned-anode circuit oscillates at 
frequency fo = 1/27/(1/LC— R>/L), where Rp is the dynamic 
impedance of the circuit at resonance (p. 44). Since Rp = L/CR, 
the condition for oscillations to be maintained is L/CR < —ve 
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slope of (dV,/di,) at the working point of the valve. Thus the 
negative resistance of the anode circuit is used to balance its 
resistive loss. 
The usual working condition is with V, about 30 V below V,,. 


The R-C Oscillator 


To maintain oscillations it is necessary to feed back to the grid 
a voltage from the anode, with a phase-change of z in the process. 
Now a series resistance-capacitance circuit produces a phase- 
change, between the applied voltage and that across the resistor 
Vrof $=tan—'.1/wCR, Vp leading the applied voltage. If, then, 
the Vp component is applied to a second, similar, circuit, a 
further phase-advance ¢ will result, so that Vp, leads V;, the 
original supply voltage, by 2¢. 


H.T. 


of P (outpu t) 


Fig. 7.8. Resistance-capacitance (phase-shift) oscillator 


In Fig. 7.8 suppose each (CR) combination produces a phase- 
change ¢ = 60°. Then Va, leads V, (the supply voltage to R, C)) 
by z, and, if this voltage is returned to the grid, we have the 
necessary conditions for the maintenance of oscillations. For 
¢ = 60°, 1/wCR = tan—!.60° = 1/3, so that (CR) = 1/1/3.. If 
w is to be 27 Mc/s (f= 1-0 Mc/s), (CR) = 10~°/(4/3.27) = 1077. 
Hence a suitable combination of R and C might be C = 100 pF, 
R= 1000 Q. The feedback voltage will only undergo a phase- 
shift of 7 at the frequency for which the circuit was designed; 
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the R-C oscillator thus gives a sinusoidal output at a single fre- 
quency, i.e. the generated voltage is ‘monochromatic’. The 
oscillator is sometimes constructed with a separate valve for 
each phase-shift, since the feedback amplitude can then be more 
easily adjusted (Fig. 7.9). 


HT. + 
Cy i i 
= HT.— 


Fig. 7.9. Multi-valve resistance-capacitance oscillator 


Crystal Frequency-control 
The frequency stability of an oscillator may be improved by 
screening it from stray magnetic and electrostatic fields, and by 
protecting it from mechanical vibration; the power supplies may 
also be stabilised. The most satisfactory method, however, makes 
use of the piezo-electric effect. This is observed in certain crystals, 
such as those of quartz, tourmaline and Rochelle salt. 
Considering quartz, for example, the crystal axes are well 
defined, as shown in Fig. 7.10. Application of a force along the 
mechanical axis YY produces an e.m.f. between opposite faces 
on the electrical axis XX, and conversely. Thus a suitable elec- 
trical excitation of the crystal sets up mechanical vibrations of the 
same frequency, and a small in-phase impulse is given to the 
source of the excitation. In this way, the frequency of an electrical 
oscillator is maintained constant, provided that it corresponds 
closely to the frequency of one of the natural vibration modes of 
the crystal. These natural frequencies are temperature dependent; 
however, if two modes are chosen so that their temperature 
coefficients are positive and negative respectively, a ‘cross-cut’ 
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ys 


z 


Fig. 7.10. Crystal axes of quartz. ZZ is the optic axis of the crystal 


x Y 
Fig. 7.11. The A.T. (temperature-independent) crystal cut 
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crystal involving both modes may have a resultant frequency 
practically independent of temperature. The ‘A.T.’ cut, illustrated 
in Fig. 7.11, is often used; it has the requisite combination of 
sensitivity to excitation, mechanical strength and temperature 
invariance of frequency. 

Connection is usually made to layers of gold sputtered on to 
opposite faces of the crystal perpendicular to the electrical axis, 
and the crystal is mounted in a holder—e.g. in a small glass 


A 
Cy 
Ly 
Ch 
A Ry 
B B 
(a) (b) 
Fig. 7.12. (a2) The mounted crystal. (6) Equivalent circuit of mounted 
crystal 


envelope, like a modern thermionic valve. The equivalent circuit 
of the mounted crystal is shown in Fig. 7.12(6). The crystal may 
be considered as a series resonant circuit, shunted by the capaci- 
tance of its holder, C,,. Cy is the electrical analogue of the mech- 
anical stiffness of the crystal, Ly represents its mass, and Ry the 
frictional losses of its vibration. In general, Ry is small, so that 
the resonant circuit has a high Q-factor (p. 54). 
Typical values for the parameters of a crystal might be: 


Cy = 0-25pF; Ly = 0-1H; Ry = 150; C, = 2pF 
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The combination (CyLy Rx) would resonate at 1-00 Mc/s, and 
have a O of 4x 10*; shunted by C,, however, the resonance 
frequency is changed to 1-07 Mc/s, and Q falls to about 10*. The 
crystal impedance-frequency characteristic curve is shown in 
Fig. 7.13; at 1-00 Mc/s the series resonant circuit has impedance 
Ry. At 1:07 Mc/s the parallel resonant circuit of crystal, plus 
holder, has impedance Rp = 10!° Q. 

Since the crystal is equivalent to a tuned circuit of high Q, it 
may replace the grid circuit of a conventional tuned-anode/ 


Rp 


f Mc/s. 
100. _‘~+O7 EEA 


Fig. 7.13. Frequency response curve of mounted crystal 


tuned-grid oscillator, as shown in Fig. 7.14(a); alternatively, it 
may be included in series with the grid circuit, as in Fig. 7.14(6). 
The R.F. choke is necessary to isolate the H.T. supply from the 
oscillatory circuit. 

The coupling of the crystal into the circuit should be loose, 
which is the case if C;,is much greater than Cy, so that the reac- 
tance of the holder, Xc, < Xcz. The frequency of oscillation is 
then independent of the loading upon the oscillator. 

Crystals may be usefully employed between the frequency 
limits 50 kc/s and 15 Mc/s. Below 50 ke/s, they are insensitive; 
above 15 Mc/s, they are too thin to be robust. Within these 
limits, the frequency is maintained constant to about one part in 
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10°, and this may be improved by enclosing the crystal in a 
thermostatted ‘oven’; frequency constancy to within one part in 
10’ is then possible. 


(a) 
Fig. 7.14. Crystal control of oscillator frequency 


Low-frequency Oscillators 
A simple audio-frequency oscillator may be constructed by using 
the primary and secondary windings of an A.F. transformer as 


Fig. 7.15. Audio-frequency oscillator, using an A.F. transformer 


anode and grid circuit. The anode circuit is tuned by a suitable 
capacitor C as shown in Fig. 7.15. It is necessary for connections 

_ to the windings to be in the same ‘sense’, so that the feedback is 
positive. 
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A more versatile instrument is the beat-frequency oscillator, 
shown schematically in Fig. 7.16. A variable-frequency oscillator 
and a fixed-frequency oscillator supply the grids of a mixer valve 
(p. 91), and the difference frequency is fed to the output termi- 
nals; the buffer amplifiers prevent the two oscillators from ‘pull- 
ing’ into synchronism when the difference between their fre- 
quencies is small. If 4, = 1000 kc/s, and f, may be varied between 


f, fe 
O/R 
A~h 


Fig. 7.16. Schematic diagram of the beat-frequency oscillator 


900 and 1000 kc/s, the output may be continuously varied from 
zero to 100 kc/s. This is a very useful oscillator for studying the 
variation of conductivity of an electrolyte solution with frequency, 
in order to assess polarisation effects; at these frequencies, of 
course, the Debye—-Falkenhagen ionic atmosphere effects are not 
apparent. 


The Multivibrator 


A signal at the grid of valve V, (Fig. 7.17) is amplified, and part 
of it is fed to the grid of V,; the amplified voltage which is returned 
from V2 anode to V, grid is thus in phase with the original signal, 
and oscillations are maintained. 

To see how oscillations originate, suppose that, on switching- 
on, V; heats up more rapidly than V2, so that at some instant, 
ig, > ig, Due to the voltage drop across R_;, a negative pulse is fed 
to the grid of V2, and the current i,, decreases. The anode voltage 
of V2 therefore rises, and a positive pulse is fed to the grid of V,; 
the result of this cycle of operations is to increase i,, still further 
with respect to i,,. The cycle is repeated, so that very rapidly V2 
is driven to cut-off, and V; is conducting heavily. The negative 
charge built up on C, now leaks away through Rp, at a rate 
determined by the CR time constant. Eventually, V,, rises above 
cut-off, and V, begins to conduct; the cycle of operations is 
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repeated, but in the reverse order, so that now V;, is driven to 
cut-off, and V, conducts heavily. Each valve in turn conducts, 
and the operation is well described by an alternative name for 
this oscillator—the ‘flip-flop’. The output consists of a train of 
approximately square pulses, at a repetition frequency governed 
by the grid-circuit time constants. 

The period of the waveform may be expressed: 


T= K(R: Ci +R, C2) 
where k depends upon the valve characteristics and the supply 


voltage. The frequency stability is, however, poor, and such 
oscillators are generally ‘locked’ to a stable feedback oscillator, 


HT. 


vi 


Fig. 7.17. The multivibrator 


which determines the instant of cut-off with precision. The 
oscillator frequency must be approximately equal to that of the 
multivibrator. 

Such a generator is useful as a source of harmonics of a known 
frequency. For example, a multivibrator of frequency 100 kc/s, 
‘locked’ to a crystal-controlled oscillator, will provide harmonics 
up to about 50 Mc/s, having a good deal of the stability of the 
crystal; this is one form of wavemeter, for the determination of 
frequency of a signal. 

Other Relaxation Oscillators 
Oscillators whose frequency is controlled by the charge or 
discharge of a capacitor or inductor through a resistance are 
called relaxation oscillators; the multivibrator which we have 
just considered is of this type. 
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Fig. 7.18. The blocking oscillator and waveforms 
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A single-valve relaxation oscillator is the blocking oscillator, 
shown, together with its waveforms, in Fig. 7.18, where V,,.,. is 
the cut-off value of the grid bias voltage. The anode and grid 
circuits are tightly coupled together, and the time constant of the 


grid combination C, R, is large. As oscillations build up, the bias 
Ca Re 


Fig. 7.19. Dynatron oscillator as a saw-tooth generator 
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rapidly falls well below cut-off, and the valve is then inoperative 
until this heavy bias has leaked away via R,. The frequency at 
which pulses are generated can be synchronised by injecting a . 
small voltage from a reference oscillator into the grid circuit. 
The dynatron oscillator may be modified to provide a saw- 
tooth waveform, as shown in Fig. 7.19(a). The rise in anode 
voltage, which occurs over the ‘negative’ resistance region (p. 87) 
raises the control-grid voltage via capacitor C,, and the screen 
current i,, increases. Capacitor C, rapidly discharges through the 
valve, and V,, falls, cutting off oscillations. C, then charges via 


R 
H.T. + 
Cc 
« 
H.T.—. 


Fig. 7.20. Thyratron circuit for the generation of saw-tooth waveform 


R,, and the cycle is repeated. The voltage across C, is thus of 
saw-tooth pattern, with a very rapid fly-back bc, and a compara- 
tively slow rise ab (Fig. 7.19(5)). 

A similar waveform results from the gas-filled thyratron circuit 
of Fig. 7.20. Capacitor C charges via resistor R until the anode 
voltage rises to the point of striking. C now discharges rapidly 
through the tube, and the voltage falls below the ionisation 
threshold; the grid then regains control, and the tube remains cut 
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off until C is again charged. In order to provide linearity of the 
rising voltage, Vc should reach only a small fraction of the battery 
voltage before the tube fires. The rapidity with which the cycle 
may be repeated is governed by the CR time constant, but is 
limited by the finite de-ionisation time of the thyratron. 
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Problems 


1. The anode circuit of a tuned anode oscillator has an inductor of 
Land resistance R Q in parallel with a capacitor of C uF. Find an 
expression for the mutual inductance M H between the anode and 
grid coils for oscillations to be mantained. 

2. Explain how negative grid bias improves the efficiency of a 
valve oscillator; show that such bias may be automatically generated 
by the inclusion of a suitable grid circuit in the oscillator. 

3. Discuss the mode of operation of the piezo-electric crystal, and 
show how it may be employed to maintain constancy of the frequency 
of a valve oscillator. 

4. Explain what is meant by the term ‘Relaxation Oscillator’, and 
discuss the mode of operation of one such oscillator. 
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CHAPTER VIII 


Miscellaneous Electronic Tubes 


Photo-cells 


The photo-electric cell converts light energy into electrical 
energy—the converse of the cathode ray oscilloscope (p. 191). 
Two main types of photo-cells are used: photoconductive cells, 
which show a marked resistance change when illuminated, and 
photovoltaic cells, which generate an e.m.f. when light falls upon 
a sensitive cathode. 

(i) Photoconductive cells. These are usually of selenium, which 
is deposited on an iron ‘base’ and coated with a semitransparent 
silver layer: connections are made to the base and to the silver 
‘counter-electrode’ via the metal ring R (Fig. 8.1). The response 


CONNEXIONS ARE 
MADE TO RAND B 
TRANSPARENT SILVER LAYER 


Fig. 8.1. (a) The barrier layer photo-cell 


curve shows the current in yamp for various illumination 
intensities and for different loads. The spectral peak is at about 
5800 A, but is rather broad; response is about 10% of the maxi- 
mum at 6800 A. 

Cells of a new type, in which the photo-conductive layer is of 
polycrystalline cadmium selenide, have a much greater sensitivity; 
a small voltage applied across the cell will produce a current of 
a few milliamps. The maximum dissipation is 10-100 mW, 
depending upon the area of the photosensitive surface. The 
spectral peak is at 7500 A, and the dark current (the current 
flowing when the cell is totally shielded from illumination) is 
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about 10 uamp. The following table gives some data for one cell 
of this typet: 
PHOTO-CELL TYPE FT422 
(Cathode area, 1 mm’; maximum voltage, 24 V) 


Light Dark Maximum 
current current Sensitivity dissipation 
Volts Lumens (mA)  (uamp) (amp/lumen)t (mW) 
24 10-6 0-25 1 2°5 10 
16 10-5 0-55 0-6 0-6 12 


t For the units of illumination intensity, see p. 176. 


(CIRCULAR TYPE) CURVES RELATING 


5 LIGHT AND CURRENT WITH VARYING 
LOAD (AVERAGE OF 6 CELLS) wom 
4 
750 Su 
° 
ra 1000 wv 
é3 
eK 
a 
a ISOOw 
=: 
(we) 
2 
I 
2 6 


3 4 
ILLUMINATION RATIO 
Fig. 8.1. (6) Response curves for a circular-type cell 


t+ From a range produced by Messrs. Hilger and Watts, London, 
N.W.1. 
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(ii) Photovoltaic (emission-type) photo-cells. These may be 
either evacuated or gas-filled. The vacuum cells are of most 
general application, though gas photo-cells are preferred where 
there are rapid fluctuations in light intensity, as in sound-film 
equipment. 

The emission-type photo-cell is a cold cathode diode, electrons 
being liberated from the cathode surface when light falls upon it. 
If the anode voltage is high enough to draw these electrons away 
as they are emitted, the current is proportional to the light 


SATURATION POINT 


50 Va(V) 100 


80 VOLTS 


Fig. 8.2, Emission-type photo-cell. Response curve and load line 


intensity. The current varies from 1-40 wamp, depending upon 
the type of cell and the light intensity. The minimum anode 
voltage is about 20 V, derived from a battery of 100 V or so 
through a large resistor, so that a voltage swing of 80 V is 
possible; this is illustrated in Fig. 8.2 by the 10 MQ load line 
(p. 125). 

The spectral response of a cell depends mainly upon the photo- 
cathode material. A monatomic layer of caesium on silver oxide 
is sensitive to red and infra-red radiation; a layer of caesium on 


175 


LABORATORY AND PROCESS INSTRUMENTS 
antimony is sensitive to daylight and the blue end of the spectrum 
(Fig. 8.3). 

For an electric bulb of efficiency y lumens per watt, the inten- 
sity at a distance d cm is given by J = y»W/4d’, where J is the in- 
tensity in lumens per sq. cm and W is the power of the bulb in 
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Fig. 8.3. Spectral response of photo-cathodes 


watts. A 36 W tungsten filament headlamp bulb, for which » = 24 
lumens/W, produces the following intensities at various dis- 
tances: 


d (cm) 15 30 100 200 300 
T(tumen/cm’) 0-305 0-076 0-0069 0-0017 0-00076 
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and these intensities may be considerably increased by a reflec- 
tor. They refer to a ‘colour-temperature’ of 2700°K, and so are 
only approximate. The efficiency of vacuum photo-cells varies 
between about 20 and 40 pamp/lumen; if the cell of Fig. 8.2 has a 
sensitivity of 24 yamp/lumen, the i, maximum of 8 vamp is 
obtained from 4 lumen. For a cathode area of 6 sq. cm, this 
corresponds to 0-06 lumen/cm?, obtainable from the above lamp 
at a distance of approximately 34 cm. Gas-filled tubes, in which a 
small degree of multiplication occurs (p. 94), are more sensitive— 
from 100 to 150 pamp/lumen is usual, and the above distance 
would be increased to about 83 cm. The dark current is small— 
0-05 to 0-1 wamp. 
250V 
H+ 


SQKn 


100 v. 


75 Kan 


HT.- 
Fig. 8.4. Photo-cell amplifier, using electrometer valve 


Although the anode voltage may be quite high, the power 
developed is negligible, so that an amplifier is needed to increase 
the cell output; the large grid resistor requires an electrometer 
valve, having an extremely low grid current. These valves are 
specially designed for the measurement of very small currents 
at very high resistance; if the output impedance of the source 
is about 10! Q, it is evident that even 1 puamp of grid current 
can seriously effect the e.m.f. Electrometer valves have low gain, 
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and are operated at low anode and screen voltages. Typical 
characteristics of this class of valve are the following: 


MULLARD ME1403: SUBMINIATURE ELECTROMETER 
PENTODE 
1-25 V heater: V, = 10 V, V,, (average) = 6-5 V 
ig=5 pA, Vz,= —2-5V 


2m = 10-5 pA/V 

r, = 10-5 MQ 

i,, =3x 107} A (average) 
ip, = 2-2 pA 


In the circuit of Fig. 8.4, the electrometer valve ME1400 is 
coupled to a triode, and a relay or other control device is 
operated by the triode anode current. 


Photomultiplier Tubes 


The photomultiplier has an emissive photo-sensitive cathode, 
and produces electrons as a result of illumination, as does the 
photo-cell; these ‘primary’ electrons are then accelerated 
through a system of anodes (the ‘dynodes’) of progressively 
increasing positive voltage. The primary electrons cause second- 
ary emission at the first anode, and the process is continued at 
each successive stage; on average, about 2-5-3 electrons are 
produced for every one reaching the anode. There are generally 
either 11 or 13 stages of acceleration and amplification, so that the 
overall sensitivity of the tube, having a cathode sensitivity of 
50 pA/lumen, may be from 200-2000 amps/lumen. It is usual to 
operate with about 90-100 V per stage, so that the overall H.T. 
voltage is 1000-1200 V; the sensitivity is rather dependent upon 
the supply voltage (Fig. 8.5(b)). The dark current is about 0-05 
uA, and the maximum continuous current about 1 mA. . 
Photomultipliers are used to measure extremely weak light 
intensities. In the method of scintillation counting (p. 317), 
radiation falling on a suitable phosphor produces very weak 
flashes of light which are amplified by a photomultiplier, and 
the output current converted into pulses to operate a scaler unit. 
Again, the molecular weight of a polymer may be determined by 
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measuring the intensity of the light scattered from its solution 
in a suitable solvent. This scattered intensity is very low; in the 
P.C.L. Peaker Light-scattering Apparatus,f two photomulti- 
pliers are used, one monitoring continuously the main beam 
(via suitable neutral-density filters) and the other measuring 
the intensity of the light scattered through a known angle. 
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Fig. 8.5. (a) Photomultiplier 


+ Manufactured by Polymer Consultants Ltd., Britannia Works, 
Colchester. 


179 


LABORATORY AND PROCESS INSTRUMENTS 
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Fig. 8.5. (6) Overall sensitivity curve as a function of applied voltage 


The Dekatron Tube 


The dekatron is a gas-filled tube, giving a visual indication of the 
number of pulses received by the cathode; it is often used in 
‘counter’ circuits for the measurement of radioactivity (p. 334). 
The dekatron counter transfers the tenth pulse received to a 
second tube, or to a mechanical register; the dekatron selector 
enables an output pulse to be obtained after a given number of 
input pulses. 

The dekatron is filled with a neon-argon mixture containing 
hydrogen as a quenching agent. The anode is a central disc, and 
the other electrodes, in the form of thin vertical wires, are 
arranged round it in a ring; there are thirty such electrodes in 
the normal dekatron, forming ten groups of three: cathode, first 


180 


MISCELLANEOUS ELECTRONIC TUBES 
guide, and second guide, in clockwise order. The first guides are 
connected together, and share a common pin, as do the second 
guides; in counter tubes nine of the cathodes are connected 
together, the tenth having a separate pin (Fig. 8.6) ;all the cathodes 
are separate in the selector tube. In this diagram, gg... indicate 
the first guides, g.93...the second guides. 

Suppose a glow-discharge to be established between anode A 
and cathode c,, and that all the guides are at a positive potential 
with respect to the cathodes. Then the discharge remains at c,, 
because the maximum voltage drop is across the A-c; gap; 
however, it has the effect of ‘priming’ the gaps A-g{ and A-g,, 


Fig. 8.6. Electron arrangement of dekatron tube 


reducing their striking voltages. If the potential of the first 
guides gg; ... is now lowered, keeping that of the second guides 
fixed, the discharge will transfer to the A—g; gap if this acquires a 
greater p.d. than A-c.; the discharge thus moves clockwise 
towards the greatest potential gradient. It cannot move to g», 
since this is still at a positive potential. If now the second guides 
become negative, the first guides reverting to their positive 
potential, the discharge moves to A-g3; finally, restoring the 
positive potential to the second guides causes the discharge to 
move to A-c;. This cycle of operations is repeated for each pulse 
received, and the glow rotates clockwise round the tube. In 
counter tubes, the nine commoned cathodes are connected to 
earth; a voltage of 20-30 V is developed across a suitable load 
in the circuit of the tenth cathode, and is fed to the next tube 
whilst the discharge moves from cio to ¢. 
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A suitable circuit for operating the dekatron from a sinusoidal 
input is shown in Fig. 8.7, using the 20th Centuryt GC10B tube. 
The guides are normally biased in parallel to about +9 V, and 
the input is fed via C,. The value of C, depends upon the input 
frequency, being so chosen that the voltage on the first guides 
leads that on the second guides by 7/4 (45°), as the vector diagram 
of Fig. 8.8 shows. The voltage drop at point B precedes that at 
point A. The output at the tenth cathode, load resistor R,, is a 
rectangular pulse of about 20 V amplitude. Since a negative pulse 


OUTPUT © 


ov. — 


Fig. 8.7. Sinusoidal-input drive circuit for the dekatron 


is required to move the discharge forwards, the output is fed to a 
phase-inverter (triode V; of Fig. 8.9) via capacitor C3; V is 
normally biased to cut-off by E,, so that its anode voltage is 
practically 300 V. The valve conducts when a positive pulse 
arrives on the grid, and its anode voltage falls; a negative pulse 
is thus transferred to the first guides via C,. The normal positive 
bias on the guides is derived from the resistance chain R; Ry, anda 
similar phasing circuit to that already described provides a 
delayed pulse for the second guides. 


{~ Produced by 20th Century Electronics Ltd., New Addington, Surrey. 
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A cold-cathode trigger tube may also be used to supply the 
dekatron pulses. In Fig. 8.10, a positive pulse at the priming 
electrode fires the trigger tube, and its anode potential falls. The 


Cc 


Fig. 8.8. Phasing of voltages to the dekatron guides: (a) development of 
voltages; (5) vector diagram 


Ss 
Fig. 8.9. Interstage coupling of dekatrons 


potentials of points A and B decrease, and negative pulses are 
transmitted via C, and C, to the dekatron guides. This circuit 
may be operated from the random pulses of a Geiger-Miiller 
tube (p. 186). 
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Fig. 8.10. Cold-cathode trigger tube input circuit for the dekatron 


Resetting. It is necessary to reset the dekatrons to zero before 
beginning a fresh count, and this is the function of the switch S 
in Fig. 8.7. 

The H.T. —ve of the output cathodes and of any thermionic 
coupling-circuit valvesis at earth potential, but the other cathodes 
are returned to a separate line; this is often referred to as the 
zero line. Normally, a shorting switch S connects the zero line 
directly to earth; on ‘reset’, however, S is opened, and the zero 
line returns to earth via a resistor R,, raising the potential of all 
the cathodes except the output cathode to about 100 V. The 
discharge therefore jumps to cio, and the next input pulse moves 
it to c,, as required. 


Ribbon Beam Tube 

This is a more recent type of scaler tube than the dekatron. It is 
essentially a high-vacuum cathode ray tube, with the conven- 
tional ‘gun’ assembly (p. 192); a ribbon-shaped beam is pro- 
duced, which passes between the deflector plates d,d,, through an 
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electrode with ten parallel slots, on to the final anode A. In order 
to obtain a visual indication of the position of the beam, the 
anodeis also pierced, and part of the beam falls upon a fluorescent 
screen on the end of the tube (Fig. 8.11(a)). 


INPUT 
PULSE RESET , FINAL ANODE A 
ANODE A 


<— SCREEN 


HT.+ 


ANODE 
CURRENT 


4 


a 


SLOPE = ANODE LOAD Re 


ANODE VOLTAGE Va 
(6) 


Fig. 8.11. The ribbon beam tube: (a) electrode arrangement; (6) character- 
istic curve and load line 


The anode current varies as the potential difference between 
the deflector plates is changed, being large if the beam passes 
through a slot, and small if it strikes the electrode between slots. 
The response curve is shown in Fig. 8.11(b), where the load line 
is drawn for a resistor R,, connecting the anode A and one plate 
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(the locking deflector, d;) to H.T. + ve. Changing the potential of 
the second plate (the stepping deflector, d,) causes the beam to 
‘step’ progressively along the curve, coming to rest in the stable 
positions 1, 2, ... 9. The input pulse to d, must be greater than 
the peak-to-peak separation of the response curve, V,. 

The next step after slot 9 brings the beam on to the separate 
anode A’ (the reset anode), producing a negative pulse across the 
reset anode load resistor; this is applied to the grid of the tube, 
cutting off the beam, and allowing the final anode voltage to rise. 
On removing the grid bias, the beam enters the ‘zero’ slot, i.e. 
it is reset to zero. The reset-anode pulse also triggers a pulse 
generator supplying the next scale-of-ten tube, if there is one. 
The resetting of the beam fixes the resolving time at about 30 
p. seconds, so that it is inherently faster than the gas-filled deka- 
tron. 


The Geiger—Miiller Tube 

This is the most commonly-used monitoring tube for the esti- 
mation of radioactivity; it is comparatively simple in operation, 
may be incorporated in portable apparatus, and is sensitive to 
a-, B- and y-radiation. The ‘G—M’ tube consists of a cylindrical 
metal or graphite cathode, with a thin-wire anode mounted 
concentrically inside (Fig. 8.12). The tube contains a mixture of 
gases, including quencher molecules (p. 189), at a pressure 
usually rather below 1 atmosphere. 

The tube is provided with a thin ‘window’ at one end, or in 
liquid-counter tubes with a thin inner glass wall. Radiation is 
able to penetrate these boundaries, and causes ionisation of the 
gas; the primary electrons formed are accelerated towards the 
anode, and collide with gas molecules, giving rise to secondary 
electrons, so that ‘gas multiplication’ occurs. Alternatively, the 
radioactive material may be passed, as a gas (e.g. C'? is usually 
counted as C!3O,) through the tube, avoiding absorption by the 
window or the walls. 

The voltage applied across the tube varies from about 370- 
1500 V, depending upon its type. The potential gradient is not 
constant, because of the great difference in radius of the elec- 
trodes; if Eis the potential gradient and r the radius, 


E = aV/dr = kir 
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where k is a constant of the tube. Hence, ifr, and r, represent the 
radii of anode and cathode respectively, V=kInr,/r, (Fig. 
8.13(a)). For example, if V= 10° V, r,=10-? cm, r,=1 cm, 
k = 1000/(2:303 x 3) = 145; the potential gradient at the cathode 
wall E, is therefore 145 V/cm, and that at the anode wall E, is 
k/10~? = 14-5 kV/cm. The primary electrons are accelerated 
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Fig. 8.12. Some Geiger—Miiller tubes. Left to right: 20th Century types 
EW3H (end-window), B6H (probe), M6H (liquid counter), GA26 (gas 
counter) 


towards the anode, and acquire sufficient energy to liberate 
secondary electrons by collision with gas molecules; if this energy 
is gained at distance d from the anode, and the mean free path in 
the gas is /, the number of such ionisations is d/l, and the gas 
multiplication is 2". If d/Jis 15, multiplication = 2'°, or approxi- 
mately 3 x 10‘, and is independent of the path through the tube, 
since dis generally less than 1 mm. 

The Geiger-Miiller tube is polarised; if the central wire is 
made the cathode, positive ions are insufficiently accelerated to 
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cause secondary emission. However, heavy-ion bombardment 
may permanently damage the tube, so that the polarity should 
never be reversed. 


CATHODE 
(2) 


COUNTS /MIN. 


Va 


250 400 550 
(6) 


Fig. 8.13. Internal construction of Geiger-Miiller tube and plateau. 
V,: threshold voltage 


The graph of count rate (counts per unit time) against anode 
voltage shows a characteristic ‘plateau’, of about 100-200 V 
in length (depending on the operating voltage of the tube), and 
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of slope less than 5% per 100 V. Typical operating voltages are 
(V, + 100) V, for an organic-molecule quenched tube, and (V;+ 60) 
V for a halogen quenched tube (Fig. 8.13(d)). 

The initial ionisation is amplified by gas multiplication, after 
which the discharge must be rapidly quenched, if further counts 
are not to be missed. The gas is itself partially self-quenching, 
since the sheath of positive ions between the anode and cathode 
lowers the potential gradient across the tube; however, this 
effect is not relied upon to quench the tube, and a small 
amount of an organic compound, such as ethyl alcohol, or of a 
halogen such as bromine, is added. The purpose of the quenching 
agent is to prevent collisions between the positive gas ions and 
the cathode, which would liberate electrons and maintain the 
discharge. The quenching agents have low ionisation potentials, 
so that the process: G++Q = G+Qt, where G is the gas mole- 
cule and Q the quenching molecule, occurs readily. If now the 
quenching ion approaches the cathode surface, it gains an elec- 
tron, losing energy equal to the work function of the surface, ¢; 


-¢ 
e.g. Br} +e—>Brf, i.e. an activated bromine molecule is formed, 
which dissociates: 

Br¥ — 2Br—2eV 


[1 eV (one electron volt) per atom is equivalent to 23 kcal/mole]. 
The bromine atoms thus have insufficient energy to liberate 
further electrons from the surface; instead, a recombination 
occurs at the walls: Br+ Br— Br, and the quenching molecules 
are reformed. 

With alcohol as quenching agent, the reactions are, for example, 


EtOH+G+t - EtOH++G 


—¢ 
EtOH*t +e > EtOH* 
EtOH* —> C3H, + H,0 


and the quenching agent is decomposed. For this reason, 
organic-molecule quenched tubes have a definite life of about 
10° counts. 

The quench time of such tubes is about 300 pseconds, but 
is not quite constant; the quiescent period is made more definite 
by a quenching unit, operating electronically in the tube circuit. 
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Most quench units have a quench time of 400 pseconds, called 
the paralysis time; correction should be made for this in assessing 
acount rate (p. 316). 
Geiger—Miiller tubes must operate into a high-impedance 
input circuit, such as a cathode follower; a suitable input circuit 
for a halogen quenched tube is shown in Fig. 8.14. 


HT. + 


TO SCALER 


Fig. 8.14. Cathode follower circuit for G-M tubes 


The Proportional Counter Tube 
The proportional counter tube is similar in construction to the 
Geiger—Miiller tube; it is designed, however, so that the gas 
amplification is restricted to a small region of the anode wire, 
instead of spreading along its length. In Fig. 8.15 the region B 
is the operating region for proportional counting; region A is 
the ionisation chamber region and C the Geiger—Miiller region. 
The proportional counter is therefore intermediate between the 
ionisation chamber, in which no gas amplification occurs (so 
that only the incident particles are registered), and the Geiger— 
Miiller tube, in which an ‘avalanche’ of secondary electrons 
renders the output pulse independent of the incident energy. 
The amplitude of the output pulse from a proportional counter 
is dependent upon the number and energy of the incident par- 
ticles. In a normal tube, filled with methane at a pressure of 
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10 cm Hg, a single ion-pair may give a measurable output if the 
gas amplification is about 10°; the tube feeds directly into a 
high-gain amplifier—the head amplifier. 


VOLTAGE 
Fig. 8.15. The proportional-counter and Geiger—Miiller regions 


The Cathode Ray Oscilloscope 


The ‘C.R.O.’ is a very useful instrument for obtaining a visual 
indication of circuit performance; the electron beam can follow 
changes which are much too rapid for any mechanical system. 
Since the trace may be photographed to give a permanent record, 
transient phenomena can be studied, such as the rapid changes in 
concentration of free-radical intermediates of photochemical 
‘reactions. 

The oscilloscope has three main components: the cathode ray 
tube, the power unit which supplies it, and the time-base genera- 
tor. These components will be considered in turn. 

(i) The cathode ray tube. This is usually of the high-vacuum, 
heated cathode type. Electrons from the cathode C (Fig. 8.16(a)) 
pass through a grid g, and then through an electrostatic lens 
system of a number of concentric anodes, A, A,A3, at varying 
positive potentials. The grid is at a negative potential which may 
be varied (with respect to the cathode) to control the brightness 
of the trace; the grid also assists in focusing the beam on to the 
screen. The anode system continues this process, and the voltage 
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on the final anode is also made variable within limits, constituting 
the focus control. The system of cathode, grid and anodes is often 
called the gun. 

The focused beam now enters the deflecting system, which is 
usually in the form of two pairs of plates, mutually at right angles. 
The incoming signal is applied to give vertical deflection of the 
beam, via the Y-plates, and a time-dependent voltage, the time 
base, is applied to the X plates to produce horizontal deflection. 

The higher the voltage of the final anode, the more rapidly 
the electrons move, and the brighter is the trace; however, the 


ELECTRON 
1ON BEAM BEAM 


CATHODE FINAL ANODE 


() 


Fig. 8.16. (a) The cathode ray tube ‘gun’: c, cathode; g, grid; A,, first 
anode; A,, second anode; XY, deflector plates. (6) Ion trap 


voltage required to deflect the beam also increases with the elec- 
tron velocity, so that the oscilloscope is relatively less sensitive. 
In practice, the input signal is generally fed into a variable-gain 
amplifier before it is applied to the Y-plates; a compromise is 
still necessary, however, between brightness and sensitivity. In 
some modern tubes, most of the acceleration of the electrons 
takes place after they have been deflected by the X- and Y-plates— 
a process known as post-deflection acceleration. A graphite spiral 
around the inside of the tube, extending from anode to screen, is 
connected across a high-potential supply, so that the electrons are 
progressively accelerated. 

The beam may also be deflected magnetically, by coils mounted 
outside the tube, perpendicular to the beam, and to the Y-axis; 
magnetic deflection is used extensively in television picture tubes. 
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In some double-beam tubes, such as the Cossor 89, an earthed 
splitter plate divides the electron stream into equal parts; each 
beam responds to its own Y-plate, via separate amplifiers, but 
the beams share a common time base. 

The screen of the tube is coated with a phosphor, which emits 
light in the visible region of the spectrum when electrons fall 
upon it. Secondary emission from the surface prevents the screen 
from becoming increasingly negatively charged, and thus repel- 
ling further electrons. The spectral peak, and the persistence of 
the emission (the ‘afterglow’) are important properties of the 
phosphor; some typical characteristics are: 


Phosphor pat peak Colour Persistence 
(A) 
ZnS +0-01 % Ag 4575 Blue Medium 
ZnS +0-01% Cu 5280 Green Medium 
ZnSi03;+0-1% Mn 5230 Blue-green Long 
ZnS-CdS+0-01 % Ag 5690 Yellow-green Very short 
CdSi0;+1% Mn 6050 Orange Long 


Double-layer screens are sometimes used for greater persis- 
tence. . 

The X- and Y-plate deflection hardly affects the heavy negative 
ion beam, which may produce a ‘worn’ spot at the centre of the 
screen (‘ion-burn’); this may be prevented by a magnetic ion- 
trap. In Fig. 8.16(b) the gun is bent, and the electron beam is 
magnetically deflected through the anode orifice; the heavy 
negative ions are not deflected, however, and collide with the 
anode, so that they do not reach the screen. 

(ii) The power unit. The current required by the tube is small, 
but high voltages are usually required on the anodes; e.g. the 
DG7-36 requires 1 kV on A, and 2:5 kV on A, and A;. In order 
for the deflector plates to be at, or near, earth potential, it is 
usual to connect the cathode to a high negative potential, when 
the final anode may also be near earth potential. This negative 
voltage may be obtained from a conventional valve rectifier 
circuit, but it is becoming usual to develop it from a high-fre- 
quency oscillator; smoothing chokes and capacitors are much 
smaller, and the use of open core step-up transformers reduces 
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insulation problems. A half-wave diode rectifies the oscillatory 
output. 

In Fig. 8.17, valve V; produces an oscillatory voltage of fre- 
quency 20-50 kc/s, and the step-up transformer T may develop 


HT. 


X SHIFT 
Y SHIFT 


Fig. 8.17. Extra high-tension (E.H.T.) supply unit for cathode ray tube 


about 3 kV across the secondary winding; rather high power is 
required, so that typical operating conditions would be: 


V,, Mullard EL37 power pentode: V, = 550 V 
i, = 50mA 
Anode dissipation = 165 W 
V2, Mullard EY51 
Oscillatory voltage at primary of transformer T, 150 V 
Oscillatory voltage at secondary of transformer, 3 kV at 
1mA 


The 550 V H.T. supplies also the time-base and amplifier circuits, 
and is derived from a conventional full-wave rectifier (p. 104). 
The power supply unit could be stabilised, as shown in Fig. 
8.18; V2 is the E.H.T. rectifier of the previous figure. If its output 
voltage tends to rise, the potential of point A becomes more 
negative, and the grid voltage of V; falls. Hence the anode 
voltage of V3, and the grid voltage of V4, rise, and the anode 
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voltage of V, falls; this in turn reduces the screen voltage of V;, 
the E.H.T. oscillator, and the rectifier output is reduced. 

(iii) Time bases. The signal voltage is applied to the Y-plates, 
and causes a vertical deflection of the spot. If a voltage varying 
linearly with time is applied to the X-plates, the spot will trace 
out variations of the signal with respect to time. Usually these 
variations are too rapid to follow directly, so that we arrange for 
the spot to return very rapidly from its extreme X-deflection, and 
repeat the process; the complete trace then becomes visible, due 
to persistence of vision. The cathode ray tube is not very sensitive, 


Fig. 8.18. Stabilised E.H.T. supply for cathode ray tube 


and a fairly considerable voltage is required to sweep the spot 
horizontally. 

Most time bases make use of the charge and discharge of a 
capacitor to provide deflection voltage and return (‘fly-back’). 
Asimple and reliable time base, illustrated in Fig. 8. 19, discharges 
the capacitor through a thyratron. The negative grid bias voltage 
from E, prevents the thyratron from conducting until C is 
partially charged via R; and Rp. The voltage across Cis given by 
(p. 14) Ve = E(l—e7"©*), where R= Ri + Ro Eventually the 
thyratron strikes, and C is rapidly discharged via R,, until the 
cut-off of the tube (V..0.) is reached; this is about 10 V for an 
average tube. The rapid discharge represents the ‘fly-back’, after 
which the charge-discharge cycle is repeated. 
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The equation shows that the deflection is not strictly linear; 
the slope dV -/dt = E[CR.e~"°® = (E~V)/CR. If the working 
voltage range across C is from V,,,, to «E, where « is some frac- 


Vt 


Fig. 8.19. Thyratron time-base circuit 


tion of the supply voltage, theslope varies from So(= E— Ve.o./CR) 
to S = E(1 —«)/CR, which decreases as « increases: 


a=01 0:2 03 0-5 
S/So = 0-9 08 0-7 0:5 


For maximum variation in S of 20°%, V, must not exceed 0:2E. 
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The sweep time T is the time required for Vc to increase from 
V..o, to eE: by expressing Vc logarithmically: 


n(5e- ) = t/CR 


we obtain: 
T = CRin(E- V.,,.)|(E—«E) = CRin1/(1—«) 


if V.,., is small compared with «E£. Ignoring the fly-back time, the 
time-base frequency is 1/T, which may be controlled by variation 
of Cor R; in practice, various capacitors C, C;, ..., are introduced 
by switching for coarse control, and R, is varied (limited by the 
value of R,) as the fine control. In this way the time-base fre- 
quency may be varied without altering the sweep voltage; this 
last parameter may be controlled by R3, which alters the thyratron 
bias, and so the period of conduction of the tube. R, limits the 
current passed by the thyratron to a safe value, and should not 
be too large, or increase of the fly-back time will result. 

A portion of the signal voltage is fed via C, to the thyratron 
grid, and determines the exact point of initiation of the fly-back, 
thus ‘locking’ the time base to the signal. This is referred to as 
synchronisation; Rs is adjusted so that the synchronising voltage 
is just sufficient to lock the trace. 

The thyratron-controlled time base is satisfactory for operation 
at frequencies up to 10‘ c/s, but above this the discharge time is a 
limiting factor; in practice, a fly-back ratio T/t of 1000 is the 
maximum obtainable. 

An alternative expression for the voltage across C is 


dV |dt = 1/C.dQ/dt = 1/C.I, 


which is linear if the charging current /, is constant; this is 
approximately true if J, is made the anode current of a pentode 
valve, operated beyond the ‘knee’ of the i,/V, characteristic 
(p. 89). The anode current of a pentode charges the capacitor 
in Fig. 8.20. 
Various hard-valve time bases have been designed to work at 
higher frequencies; a very successful circuit due to O. S. Puckle 
will be described in outline. In Fig. 8.20, C is charged by the 
anode current of pentode V;; the grid of V2 is negative with 
respect to its cathode due to the voltage drop across R2, when C 
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is uncharged and V, is cut off. As C charges, the cathode poten- 
tial of V, falls progressively, and eventually V, conducts. Its 
anode voltage falls, and a negative pulse is delivered to the 
suppressor grid of V3; the anode current of V; therefore falls, its 
anode voltage rises, and this in turn conveyed to the grid of V2, 
increasing still further its anode current. There is very rapid 
discharge of C through V2, after which this valve cuts off, and 
the cycle is repeated. 


Fig. 8.20. Hard-valve time-base circuit (O. S. Puckle) 


R, determines the point at which V2 conducts, discharging C, 
and so decides the sweep amplitude. The synchronising voltage 
is fed to the grid of V3, and an amplified and phase-inverted 
version is fed to V2 grid, controlling the point of conduction. 

In the circuit of Fig. 8.21, a constant current (e.g. from a 
pentode valve) is fed to the CR series circuit, so that Vc = 1/wC, 
Vr = IR; these voltages are in phase quadrature. If R = 1/wC, we 
can write: 

Ve = V,,coswt, Ve = Vm sin wt 


hence V2+ V3 = V,2. This is the equation of a circle, of radius V,,, 
centred at the origin of co-ordinates. If the spot of light is con- 
trolled by both voltages, it will describe this circular path, with 
frequency w/27. By connecting these voltages to the X- and 
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Y-plates of an oscilloscope, a circular time base is available, 
having the advantages of long length and absence of fly-back. The 
signal voltage is injected in series with the Y-plate voltage. 


SIGNAL 


Fig. 8.21. Circular time-base circuit 


‘Tuning’ Indicator (‘Magic-eye’ Tube) 
This is a small hard-vacuum tube, having at the end a fluores- 
cent screen like that of a cathode ray tube. The symbol is 
shown in Fig. 8.22(a). The grid g. is maintained at a fixed poten- 
tial with respect to the cathode, or may be joined to it. The rela- 
tive currents through A; and A, then depend upon the voltage 
applied to the grid g,; the anode circuit of A, contains a large 
load resistance (about 1 MQ), so that if the negative bias applied 
to g; is small, the anode potential of A, is very low. Under these 
conditions, a considerable current flows via A2, and a broad 
patch of illumination appears on the screen, via a slotted disc 
limiting the sector of illumination. 

The tuning of the circuit to an incoming signal applies a 
large ~ ve bias to the grid g;. The anode potential of A, rises, and 
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() 


Fig. 8.22. (a) The ‘magic-eye’ tube. (6) Variations of the angle of illu- 
mination 


a greater fraction of the (reduced) anode current flows via A;; 
the illuminated area decreases. The device thus gives a sharp 
indication of the correctness of tuning by a minimum angle of 
illumination, as in Fig. 8.22(6). The tube is shown connected as a 
bridge balance-detector in Fig. 8.23. 


Fig. 8.23. The ‘magic-eye’ tube as bridge balance-indicator 
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Problems 

1. Compare the mode of operation of the barrier layer photo-cell 
with that of the high-vacuum photo-cell. Draw and explain one 
practical circuit for each type to illustrate its application (refer to 
Chapter XIV for their use in spectrophotometers). 

2. It is required to count the number of articles passing along a 
conveyor belt, by recording on a series of dekatron tubes the number 
of interruptions of a light beam. Outline suitable circuits for the photo- 
cell and the dekatrons, including ‘re-set’ facility. 

3. Write an account of the cathode ray oscilloscope, under the 
headings: (a) Oscilloscope (‘gun’) Tube; (5) Power Supplies; (c) 
Time Bases. 

4. Give an account of the operation of the Geiger—Miiller tube, 
and explain the terms: ‘threshold voltage’, ‘plateau length and 
slope’, and ‘paralysis time’. 
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Semiconductors and Transistors 


Introduction 

The introduction of the transistor has been the most important 
development in electronics of recent years. Although the investi- 
gation of their properties is still in a preliminary stage, it is 
already clear that transistors will perform many—though not all~ 
of the functions of the thermionic valve, with advantages regard- 
ing power and stability. Further, as transistors are so much 
smaller than valves, and require lower supply voltages, it seems 
permissible to look forward to lighter, and less bulky, electronic 
test equipment. 

The point-contact germanium or silicon diode has many of the 
properties of the crystal and ‘cat’s whisker’ contact of early 
crystal radio receivers; contact between a thin metal wire and 
certain natural or artificial crystals produces unidirectional 
characteristics (p. 76), and such devices were used for the recti- 
fication of ultra-high (‘radar’) frequencies in World War II. 
Point contact transistors were described by Bardeen and Brat- 
tain, of the Bell Telephone Laboratories, in 1948; they, and to 
some extent the contact diodes, have been superseded by junction 
transistors and diodes, introduced in 1949. The basic materials 
of construction are the semiconductors germanium and silicon; 
the theory of conduction in these materials has been extensively 
investigated, notably by Shockley. They must be of far higher 
purity than an analytical standard or a nuclear-pile ‘moderator’ ; 
special analytical techniques had to be developed for control 
purposes. 

Germanium and silicon diodes have the typical applications of 
thermionic diodes, i.e. rectification and detection. Junction 
transistors have the applications of thermionic triodes and 
pentodes; amplifiers and oscillators may be constructed for 
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a wide range of frequencies. The main advantages of transistors 
may be briefly listed as follows: 


efficiency —the transistor consumes very little power, much less 
than a valve filament. 

small size. 

low supply-voltage requirements—the ‘H.T.’ voltage is usually 
6-9 V. 

long life and reliability—provided that the transistor is sealed 
from the atmosphere, its life should be infinite; having no 
delicate mechanical construction, it can withstand extreme 
shock and temperature change, such as are likely to be met 
with, for example, in an artificial ‘satellite’. 

absence of a warming-up period—the transistor operates imme- 
diately on switching on. 

operation at high ambient temperatures—silicon transistors can 
be operated at an ambient temperature of 150°C; germanium 
transistors up to 75°C. 


Disadvantages of transistors, which are probably only temporary, 
are: 


frequency limitation—at present, transistors are not readily 
available for operation above 30 Mc/s. 

rather limited power—‘transmitter’ transistors have yet to be 
developed. 


Silicon diodes and transistors may be operated at higher 
ambient temperatures than germanium; they also have higher 
breakdown voltages and lower reverse currents. Germanium 
shows a higher efficiency in low-voltage power rectification, and 
has slightly better high-frequency characteristics. Further 
development may modify these comparisons, however. 


Symbols and Nomenclature 

The three-element transistor may be roughly compared to a triode 
valve; the emitter is somewhat like the cathode, and the base and 
collector approximate to the grid and anode respectively. The 
usual symbol for the transistor is shown in Fig. 9.1. There are 
two types of three-element junction transistors, called PNP- and 
NPN-transistors ; the meaning of the letters will become apparent 
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later. In PNP-type transistors, the (conventional) current flow is 
from emitter to base, and the arrow-head in the symbol indicates 
this; in NPN-type devices, electrons flow from emitter to base, so 


EMITTER @ COLLECTOR C 


@ ¢ 
| BASE b 5 
PNP-TYPE NPN -TYPE 


Fig. 9.1. Transistor symbols 


that conventional current flow is reversed, as shown by reversing 
the arrow. Three wires are brought out from the envelope, for 
direct soldering of the transistor into its circuit; some examples 
of the orientation of these wires are shown in Fig. 9.2. 


Red Spot 
o 080 (o¢ 2) 
e bee @b 


MULLARD TEXAS 


Fig. 9.2. Typical base-connection diagrams for transistors: e, emitter; 
b, base; c, collector 


All junction transistors are photo-sensitive to some extent, 
and are protected from unwanted light by an opaque coating; 
this must not be scratched, or ‘mains-generated’ light may 
impose a 100 c/s modulation on the transistor output. Where 
considerable power is to be handled, the transistor must make 
good contact with a suitable heat sink; a cooling ‘flag’ is some- 
times fitted for direct attachment to the chassis. 


Theory of Semiconductors 

In a pure crystal of germanium or silicon the atoms are held in 
place in the crystal lattice by covalent bonds; adjacent atoms 
each supply an electron to form a ‘shared pair’, and this con- 
stitutes one covalent link between the atoms. All four electrons 
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in the outer shells of germanium or silicon are ‘shared’ in this 
way, so that each atom is held by four covalent bonds to its 
neighbours. There are very few ‘free’ (unbonded) electrons, such 
as are present in the outer electron shells of a metal crystal, and 
so the electrical conductivity is lower than that of a metal. 

The bound electrons crowd together in a region of high 
stability and therefore low energy—called the valence band of the 
crystal (V, in Fig. 9.3). Because so many electrons have almost 
equal energy, the energy levels of this band are said to be highly 
degenerate. Now at room temperature there is an additional 
complication: Some of the valence-band electrons acquire 
sufficient energy to break a bond, and these electrons leave their 
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Fig. 9.3. Energy levels in crystals: carbon (diamond), silicon, and copper 


fixed positions in the lattice and are the source of the small but 
definite electrical conductivity of these crystals at temperatures 
well above absolute zero. Electrons which have become ‘free’ in 
this sense are said to have left the valence band, and are now in 
the conduction band (C, Fig. 9.3) of the crystal. Between the two 
bands there is an energy gap; only by gaining enough energy to 
cross this gap may an electron become available for conduction. 

The ‘width’ of the gap (in terms of energy) determines the 
resistivity of a material; thus, the difference between an insulator 
such as diamond, a semiconductor such as silicon, and a metal 
such as copper, is shown schematically in Fig. 9.3. The energy 
gap E, is about 2-5 eV for an insulator, 0-7 eV for germanium 
and 1-12 eV for silicon; it is not well defined for a metal, because 
the valence and conduction bands overlap to some extent. The 
thermal energy of an electron at T° is KT, where k is Boltzmann’s 
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constant; at room temperature, kKT=0-025 eV, so that the 
number of electrons which can cross an energy gap E, is given by 
n, where nx N.exp(—E,/kT), and N is the total number of 
electrons in the valence band. For E, = 0-7 eV, n= Nx 107’, so 
that about 4 x 10'S electrons per c.c. are in the upper (conduction) 
band; for E, = 2-0 eV, n= Nx 10~”, so that only about 400 
electrons per c.c. are present in the conduction band.} In copper, 
about 2x 107! electrons per c.c. are available for conduction; 
these varying populations of the conduction band for substances 
of differing E, account for the following resistivities: 


Pp 
(Q cm) 
typical insulator (mica): 9 x 10'% 
pure germanium: 60 
pure copper: 1-7x 107 


Conduction by electrons which have been thermally excited to 
the conduction band of a pure crystal is called intrinsic conduc- 
tion; it is reduced to a minimum, in transistors, by extreme puri- 
fication of the material, and by shielding from light and other 
ionising radiation. 

In transistors the intrinsic conduction is enhanced by the 
addition of small and controlled amounts of ‘impurity’ to the 
lattice. Both silicon and germanium occupy places in Group IV 
of the periodic classification, having four outer-shell electrons, 
so that each atom is held in the crystal lattice by four covalent 
bonds, as in the diamond. If a small number of atoms of a Group 
III element (e.g. Indium) are introduced, having only three outer 
electrons, one electron from its four nearest-neighbour atoms will 
remain uncombined wherever the impurity takes up its position 
in the lattice; these uncombined electrons may ‘pair’ with ther- 
mally generated electrons to complete the four-covalent structure 
at this point leaving vacancies in the main lattice. The energy 
required to complete the structure is small; we may consider the 
electrons in the ‘extra’ covalent bonds to occupy an energy level 
about 0-01-0-02 eV above the top of the valence band. Consider- 
ing the very small number of impurity atoms (< 1 in 10’), and 


+ One gram-atom (i.e. the atomic weight in grams) of an element 
contains approximately 6 x 10 atoms. 7 
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the low energy of promotion, the ‘equilibrium’ shown in Fig. 
9.4 would be expected to lie entirely on the right-hand side; all the 
impurity atoms will be four-covalently bonded, at room tem- 
perature, a corresponding number of vacancies remaining in the 
valence band. Aluminium and indium are the usual Group III 
additives; since they accept electrons in order to complete 
four-covalent bonding into the lattice, they are called ‘acceptor’ 
impurities. 
Free Electron 
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Fig. 9.4. Equilibrium in P-type germanium and energy-level diagram 


Vacancies in the valence band arise through the breaking of 
covalent bonds in the original lattice by thermal vibration, one 
electron then moving away towards an impurity atom, or to 
another vacant site. The absence of an electron has been equated 
to the presence of a positive charge, so that germanium or silicon 
to which ‘acceptor’ atoms have been added is referred to as 
Positive, or P-type, material. The lattice vacancies are not static; 
as further covalent bonds are broken, the liberated electrons fill 
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old vacant sites, and create new ones, giving rise to the concept 
of mobile, positively charged ‘holes’, diffusing through the 
P-type lattice and accounting for most of its conductivity. 
Alternatively, if traces of a Group V element, such as arsenic 
or antimony, are added to the lattice, one of the five outer elec- 
trons of this atom remains unpaired with an electron from its 
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Fig. 9.5. Equilibrium in N-type germanium and energy-level diagram 


nearest-neighbour atoms, and hence is at a higher energy level; 
the ‘free’ electron requires only about 0-02 eV to promote it to 
the conduction band. Thus at room temperature nearly all the 
unpaired electrons will be in the conduction band, as indicated 
in Fig. 9.5. Since Group V atoms increase the number of elec- 
trons in the conduction band, they are called ‘donor’ impurities; 
conduction in this type of material is mainly due to these elec- 
trons, and the lattice is referred to as Negative, or N-type. 
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The effect of impurity-atom concentration on the resistivity of 
germanium is shown in Fig. 9.6; the concentrations, which are 
expressed in atoms of impurity per c.c. of germanium, are ex- 
tremely small, since 10!? atoms per c.c. corresponds to 1 part in 
4x 10" parts of germanium. Donor and acceptor impurities both 
give similar resistivity-concentration characteristics; however, 
the conduction-band electrons of N-type germanium or silicon 
diffuse about twice as rapidly as do the valence-band electrons 


< io'*( Pure Ge) 


pw-em 
y& 
100 \0 
10 
ye 
\O 
] 
® 
\o 
ol © 
o 25 50 
Fig. 9.6. Resistance of a semiconductor as a function of impurity con- 
centration 


which fill ‘holes’ in the P-type, so that a given concentration of 
‘donors’ produces a greater increase in conductivity than an 
equal concentration of ‘acceptors’. 

If both types of impurity were added, in equivalent amounts, to 
germanium or silicon, the conduction-band electrons derived 
from donor atoms would fill the valence-band ‘holes’ left when 
the acceptor atoms become four-covalent, and the intrinsic 
conductivity of the material would remain unaltered. The 
‘majority carriers’ introduced would neutralise each other; 
electrical neutrality would be maintained, and no potential 
difference would be set up within the lattice. 
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The Junction Diode 


Suppose now that two sections, one of P-type, the other of N-type 
material are brought into contact at a plane boundary; this is the 
open-circuited case of Fig. 9.7(a). Then electrons in the conduc- 
tion band of the N-type cross the boundary, in order to fill the 
‘holes’ in the valence band of the P-type; this leaves the N-type 
material with a positive charge, localised near the boundary, and 
also sets up a localised negative charge on the P-type. A potential 


E, 
(6) 


Fig. 9.7. Application of bias to junction diodes: a, zero bias; b, reverse 
bias; c, forward bias 


difference is thus set up across the boundary, in such a direction 
as to reduce the flow of electrons from N- to P-, ie. so as to 
reduce the forward current ir. At the same time, the few thermally 
liberated electrons of the P-type are attracted, by the positive 
potential set up, towards the N-type, where they fill thermally 
created ‘holes’ in the N-type lattice; this constitutes the reverse 
current i,. The junction p.d. ¢% will increase until forward and 
reverse currents are equal, when we again have a condition of 
dynamic equilibrium; ¥ will be maintained at this value, with a 
net current i; of zero. The magnitude of is indicated by the sum 
of the two vertical peaks. 
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If an external e.m.f. is applied across the boundary, so as to 
assist the junction p.d. developed inherently—e.g. by connecting 
the positive pole of a battery to the N-type and the negative pole 
to the P-type (Fig. 9.7(b))—the forward current iyis reduced, but 


4, FORWARD 


REVERSE 


Fig. 9.7 (@). 


the reverse current is practically unchanged since it is governed 
by the rate of thermal generation of hole-electron pairs; the 
junction is said to be ‘reverse-biased’. Reversing the battery 
(Fig. 9.7(c)) increases the forward current, again without affecting 
the reverse current, the boundary now being ‘forward biased’. 
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This is the principle of operation of the junction diode; it may be 
seen from Fig. 9.7(d) that too large a reverse bias leads to break- 
down of the diode, with a large reverse current tending to over- 
heat and destroy the device. The maximum negative value of 
bias voltage is shown by the ‘turnover point’ E,. Increase of 
temperature causes both i-and i, to increase, and reduces E,. 

The point-contact diode behaves similarly ; if ametalliccontact 
is made to a piece of semiconducting material, electrons flow 
towards the metal, setting up a potential barrier similar to that 
across the P-N junction. The ‘point-contact diode’ shows, 
therefore, the same rectification characteristics as the junction 
diode; the metallic contact is usually a fine wire, or a needle-point, 
so as to concentrate the field at this region of the lattice. 

If the bias battery is replaced by an applied alternating voltage, 
rectification will occur, as with a metal rectifier. For a given 
power dissipation, however, the junction or point-contact diode 
is very much smaller than a metal rectifier, and has a considerably 
lower resistance in the forward direction. Because of these facts, 
great care must be exercised in preventing accidental short- 
circuits leading to excessive current flow; the low value of 
forward resistance means that such currents will be large, and 
the small thermal capacity of the diode leads to very rapid over- 
heating. Thus, overloads persisting for a few milliseconds may 
destroy a semiconductor diode. 


The Junction Transistor 
' This type has practically replaced the point-contact transistor, 
and so the latter will not be further described. In the junction 
transistor, a thin layer of one type of germanium or silicon is 
‘sandwiched’ between layers of the opposite type, so as to form 
either a P-N-P system, or an N-P-N system. The three sections 
of the transistor are known as the emitter, base and collector, and 
are in some ways analogous to the cathode, grid and anode 
electrodes of a thermionic triode. Metal plates, or sputtered 
metallic layers, enable wires to be connected to the three regions. 
If an N—-P_N transistor is connected to batteries, as shown in 
Fig. 9.8(a), the emitter junction will be forward biased, and the 
collector junction reverse biased; the potential gradients set up 
are shown in Fig. 9.8(c). If the input terminals xy are short- 
circuited, ‘reverse’ electron flow will occur from base,to collec- 
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tor—the ‘forward’ electron flow across this junction being biased 
to zero. This is equivalent to a conventional internal (positive) 
current from collector to base, of magnitude i,.f The forward 
flow of electrons from emitter to base will be enhanced by the 
forward bias; we represent this flow of electrons by e,, and the 
equivalent positive current by i. Now if the base region is thin, 
many of the electrons which make up e,cross the collector junc- 
tion, attracted by the positive potential, and join i,; the number 


(c) (@) 


Fig. 9.8. (a2) Connections to N~P-N transistor. (6) Connections to P-N-P 
transistor. (c) and () Potentials developed 


which do so is controlled by the emitter-base junction potential. 
The fraction of e, which cross the base region is called «,.,¢ and 
in practice is about 0:90-0:95; hence the ratio e,/e,, where e, 
represents the electron flow from the base, is about 100, desig- 
nated «,,.§ 


+ The more usual parameter is i,,, the reverse saturation current from 
collector to base with the emitter open-circuited. 

t «= @i,/di,), the amplification factor for positive current from 
collector to emitter. 

§ «, = (di,/di,), the amplification factor for positive current from 
collector to base. 
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For a high efficiency of ‘collection’ of carriers from the 
emitter, we require a relatively high level of ‘doping’ of the 
emitter. Although either ‘holes’ travelling from base to emitter, 
or electrons from emitter to base, would give current flow in the 
same direction, only the latter carriers would be attracted to the 
collector; hence we require the base-to-emitter current to be 
almost entirely of electrons. High efficiency also requires that 
very few electron-hole recombinations should occur in the base; 
this necessitates a very narrow base section, which is also impor- 
tant in raising the limit of frequency at which the transistor will 
operate satisfactorily. 

In terms of positive current, the total emitter current is 
i, = if = — ey; this splits into i,, the emitter-to-base current, and 
i,, the emitter-to-collector current. From the definitions of 
Cee ANA Op, Sig = dee Sic, aN Si, = o-5.5i, Where Si, is the change 
in collector current due to changes Si, in emitter current, or of 
Si, in base current, respectively. Such changes may be the result 
of an applied signal. The potential across the emitter junction is 
modulated by an alternating signal applied to the terminals xy, 
and the emitter current i, varies accordingly; the reverse-biased 
collector junction is not sufficiently affected to alter i,. 

In Fig. 9.9, a ‘common-base’ connected transistor and a 
triode valve are compared. If a, is 100, 5i, = 1008i,, and an 
input signal of 10 pA at the base produces an output of 1 mA at 
the collector. In the valve, 5i, = gm.5V, and in the transistor 
Si, = «,4.5i, So that the latter is essentially a current amplifier. 
Both the collector and base currents are exponentially related to 
the applied voltage,} but are linearly connected through «5. In 
this case, the base and collector currents are 180° out of phase, 
just as V, and V, in the valve circuit, but this is not always so. 
The above analysis has been applied to the N-P-N transistor of 
Fig. 9.8(a), but a similar explanation may be given for the P-N-P 
transistor. Whichever type of transistor is used, the emitter is 
always forward-biased, and the collector reverse-biased ; reversal 
of polarity at the collector leads to rapid destruction of the tran- 


+ The total current across a junction is given by i= (e°’"?—1).i, 
where i is the total current, i, is the saturation reverse current, « is the 
electronic charge, T the absolute temperature, k is Boltzmann’s constant, 
and V the bias voltage across the junction. For V + ve, the forward bias 
condition, i= i,, the total forward current; for V —ve, i=i,. 
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(a) 


Z = 2000; Z = 5kQ 
Fig. 9.9. (a2) Common emitter transistor amplifier. (6) Equivalent triode 
amplifier 
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sistor. Typical output characteristics for a silicon N-P-N 
transistor—the Texas Instruments 2SOO1-are shown in Fig. 
9.10. 
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COLLECTOR VOLTAGE Vc (VOLTS) 
Fig. 9.10. Output characteristics of Texas Instruments 2S001—N-P-N 


The Manufacture of Transistors 
The germanium or silicon must be very highly purified before 
it is ‘doped’ by the introduction of donor or acceptor atoms; 
impurities are reduced to about 1 part in 10°, so that the lattice 
structure is practically uniform throughout the crystal. Ger- 
manium, which melts at 940°, is finally refined by slow passage 
through r.f. heating coils; the long ingot is contained in a silica 
boat. The molten zone is narrow, and travels slowly from end to 
end of the ingot; impurities tend to accumulate in the molten 
zone, and so are concentrated in the trailing end of the ingot. 
Silicon melts at 1400°, and cannot be ‘zone-refined’ in this way; 
a carefully purified, volatile compound of silicon is decomposed 
to give the pure element. 

Junction transistors for use at low frequencies are made by 
slowly drawing a ‘seed’ of pure germanium or silicon from the 
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pure melt, and then adding the requisite amount of, for example, 
antimony; the next section of the crystal to be drawn will thus 
be N-type. If now an excess of indium is added, the ‘donor’ 
impurity will effectively be neutralised, and this section of the 
crystal will be P-type. Finally, a further excess of antimony 
restores the crystal to N-type; if the complete drawn crystal is 
diced perpendicular to the junctions, a large number of N-P-N 
transistors are obtained. High-frequency transistors are made 
by alloying P-type material to either side of a thin section of 
N-type material, in order to form a P-N-P junction transistor; 
it is more difficult to make the N-P-N-type transistor by this 
method. The upper limit of frequency of the junction transistor 
is set by the transit time for electrons across the base region, so 
that this must be made as thin as possible; in alloy transistors 
the base thickness may be less than 0-01 mm.+ 

Even thinner base regions may be obtained by a diffusion 
technique, in which the base section is built up by diffusion under 
controlled vapour-pressure of suitable material on to the emitter 
section. The base width may be accurately controlled, and some 
of the prototype 300-400 Mc/s transistors are prepared in this 
way. 

After the wire leads have been soldered to the three regions, the 
transistor is chemically etched to remove surface contamination 
before it is encapsulated, together with a dehydrating agent, in a 
glass envelope. 

The cutting and shaping of transistors is often carried out by 
an ultrasonic technique, so as to preserve the surface regularity ; 
this helps to reduce inherent ‘noise’. 


Basic Types of Connections 
Transistor circuits may be classified according to which of the 
three ‘electrodes’ is common to both the input and output 
circuits; these basic connections are shown in Fig. 9.11, for the 
t Both «,, and «, decrease with increase of frequency. It is usual to 
define a cut-off frequency, f.,,, at which « is reduced to 1/+/2 of its 
value at 1000 c/s, i.e. %. 4, = %oo0/+/2. Since power is proportional to a”, 
Wie. = Wi000/2. The value of f,,,, as stated, is determined by the base 
thickness, and may be increased by making the base layer very thin; this, 
however, reduces its power rating. The present limit to Sac. is about 30 
Mc/s for transistors generally available, although it is considerably lower 
for ‘power’ transistors. 
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Fig. 9.11. Basic connections of transistors: common emitter, common 
base, common collector 
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N-P-N-type transistor. Diagrams for the P-N-P-type would be 
similar, except for the directions of current flow. 

The common emitter connection is that most commonly 
used for amplification. Since i,=i,—i,, and i,fi, = cce, €.2. 
0-95, i./is = %ce/(1 — ce) = 19, the current gain of the transistor 
circuit. The input circuit, under forward bias conditions, is of 
low impedance, = 2 kQ; the output circuit, under reverse bias, 
is of high impedance, = 200 kQ. Thus, W./W; = 197.Z,/Z;, 
3-6 x 10*, or about 45 db gain. The voltage amplification is 
19x Z,/Z;, or 1900. 

The common base circuit has a current gain of «,., and the 
output and input impedances are approximately the same as in 
thecommonemitter connection ; hence W,/W; = 0-95?.Z,/Z;=90, 
or 19 db gain, and the voltage gain is about 95. There is no phase- 
reversal in this circuit—i, is in phase with i,. 

The common collector circuit is equivalent to the valve cathode- 
follower circuit; the input impedance is high, and the output 
impedance low. i,/i, = i./(i.—i.) = 1/(1—4%ce). Calling this ratio 
%pe, then for a. = 0-95, a. = 20. Typical impedance values are: 
Z; = 100kQ, Z, = 1kQ, so that W,/W; = 207/100 = 4; the voltage 
gain V/V; = 20/100, or 0-2. The common collector circuit is 
used for impedance matching, again analogous to the cathode 
follower (p. 142). 


Some Transistor Circuits 
The basic amplifier of Fig. 9.12 employs the Mullard OC71 
P-N-P transistor in common emitter connection. Typical 
component values are: 

Veou. — teon. R, R; ifij 

(V) (mA) (kKQ)  (kQ) 
6 1-0 39 2:2 23 For 5% distortion 
9 1:0 62 3-9 28 into a load R, of 
12 1-0 82 5-6 31 1-5 kQ. 


The source impedance should be as high as possible. Notice that 
electrolytic capacitors are frequently used as feed and coupling 
components in transistor circuits. 

A two-stage amplifier, using Mullard OC70 and OC71 
transistors is shown in Fig. 9.13, again in common-emitter 
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circuits. Reverse collector-base bias is developed by the base 
current flowing through R, and R,, and the transistors are r—c 
coupled. The load is shown as a headphone #7. 

A Class B (p. 145) push-pull power amplifier stage is shown 
in Fig. 9.14. The grounded-emitter connection is used, since this 
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Fig. 9.12. Basic transistor amplifier (OC71) 


has the greatest power gain. To avoid distortion the two tran- 
sistors should be closely matched; Mullard OC72 transistors, 
developed for large-signal applications, are normally supplied 
in matched pairs for Class B operation. 

The collector-to-collector load, R= R,+T?R,, where R, 
is the resistance of the output transformer primary, R, is the 
secondary load and 27:1 is the turns-ratio of the transformer. 
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Thus, for R.. = 300 Q, R, = 3Qand R, = 10Q, T = 10. A suitable 
ratio for the input transformer is about 3-5: 1, so that the collector 
current of an OC71 (2 mA) will drive the output stage; with 
collector voltage — 6 V, a power gain of 24 db, and a maximum 
power of 200 mW, are obtainable. 


Fig. 9.13. Two-stage transistor amplifier (OC71 and OC72) 


A basic circuit for a transistor low-frequency oscillator is 
given in Fig. 9.15(@). Current through R; provides the reverse 
bias to the collector, and the positive feedback is via the trans- 
former L . The oscillatory circuit may be tuned in the usual way. 
Fig. 9.15(b) shows a transistor version of the Colpitt’s oscillator 
(cf. valve circuit, p. 156). 

The efficient conversion of a L.T. battery supply to H.T., 
suitable for valve anodes, presents many problems. The rotary 
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converter and the electro-mechanical vibrator are unsuitable for 
instrument H.T. supplies, because of the noise which they 
introduce; they are both of low efficiency. The rapid switching 
action of the transistor enables it to take the place of the vibrator, 
and a transistor d.c. converter unit is shown schematically in 
Fig. 9.16. 
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Fig. 9.14. Class B transistor output stage 


The transistor operates as a switch, interrupting the battery 
input voltage V;. The alternating voltage set up in the transformer 
secondary winding is rectified, smoothed and applied to the 
load. The operation is initiated by surge currents on connecting 
the supply voltage to the transistor. The collector current rises, 
passing through the primary winding N,, and inducing a negative 


+ For a comparison of the transistor converter with the vibrator and 
other forms of H.T. supply, see Electronic Engineering 27, 268 (1955). 
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bias voltage in the winding N,, which is applied to the transistor 
base. The working-point moves round the ‘knee’ of the collector 
current-voltage curve, and the input resistance then rises sharply. 
The primary current falls and, together with the resultant decrease 
in the base bias, causes the transistor to move rapidly towards 


Ec 


+ Ee 
Fig. 9.15. (@) Basic transistor oscillator 


cut-off. The primary flux collapses, and the voltage across the 
secondary winding N, reverses; the diode D; now conducts. 
When the secondary voltage falls below that across the output 
capacitor C,, D, cuts off, and the transistor returns to its working 
point (in the region of the ‘knee’ of the appropriate curve, Fig. 
9.10), ready for the next cycle of operation. , 
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As an example of its operation with V; = 6 V, V. may be 90 V 
at 12 mA, with 70% efficiency; the frequency of operation is 
about 1 kc/s. 


=E¢ 


Fig. 9.15. (b) Transistor Colpitt oscillator 


Transistor Characteristics 
For signal diodes, the following data is usually given: Peak 
inverse voltage, maximum forward current, average inverse 
current, average forward volts drop at imax and maximum 
temperature of operation. 


For power diodes, details of a suitable heat sink may be 
included. 
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+ Vout 


Fig. 9.16. Transistor d.c.—a.c. converter 


For junction transistors, the « parameter is given, together 
with details of: collector voltage, collector dissipation, peak 
collector current, maximum junction temperature and the 
particular applications for which the device was designed. 
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Problems 


1. Illustrate the terms ‘semiconductor’, ‘donor and acceptor im- 
purities’, and ‘p- and n-type conduction’, with reference to the 
germanium or silicon diode. Draw and explain the voltage-current 
characteristic curve for this device. 

2. Explain how the p-n-p junction transistor may function: (a) as 
an amplifier at audio-frequencies; (6) as an oscillator at audio-fre- 
quencies. 

What parameters are of importance in the design of these circuits? 

3. Assess the present position regarding the relative advantages 
and disadvantages of the transistor and the thermionic valve. 

4. ‘The Invertor — a device for converting d.c. power supplies into 
alternating supply without using moving parts—is of great interest as 
a replacement for machines and vibrators.’ Explain this statement, 
and show how the transistor functions in this capacity. 
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CHAPTER X 


The Measurement of Electrical Conductance of 
Solutions 


Introduction 


The determination of the electrical conductivity of solutions is of 
the greatest importance in chemical technology; a number of 
units and terms will first be introduced. We define the resistance 
of a regular solid conductor by 


where R is the resistance in ohms; « is the specific conductance in 
reciprocal ohms, or mhos, / is the length of the conductor, and A 
its area of cross-section. 

Ohm’s law is obeyed by electrolyte solutions and if a 1 cm 
cube of solution be considered (/ = 1 cm, A = 1 cm?) R= 1/x. If 
E=1V, then from Ohm’s law, J = E/R = 1/R=« ohms~!cm—!. 

From the academic point of view it is more usual to discuss 
not the specific conductance but the equivalent conductance A, 
where A = 1000x/C and C = equivalent concentration (g-equiva- 
lents per litre of solution); the dimensions of « and A are 
ohms~' cm’, and ohms~! cm? equivalents~!, respectively. 

The conductance of a solution is measured in a conductivity 
cell, of which there are many designs; the majority are of glass, 
with platinum electrodes. Some of these are illustrated in Fig. 
10.1, in which the platinum electrodes are labelled PP. 

It would appear possible to determine the specific conductance 
of a solution from the cell resistance if the geometry of the cell 
were known exactly. However, this is very difficult to determine 
by measurement, and the cell is calibrated using a solution of 
known specific conductance. It can be easily shown that 


Ae mee 
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where # is the cell constant (i.e. effective distance apart of elec- 
trodes + effective area of the column of solution between them). 
In the measurement of conductivity it is necessary to control the 
temperature of measurement since the temperature coefficient of 
conductivity is about 2% per °C, and some form of thermostat 
is necessary if accuracy of measurement is desired. For com- 
parison purposes, physico-chemical measurements are usually 


Fig. 10.1. Conductivity cells 


made at 25°C where possible. Thus in practice it becomes 
necessary to measure the resistance of a solution, if possible at 
a controlled temperature, in order that the specificand equivalent 
conductances may be calculated. The reader is referred to the 
standard electrochemical textbooks for a full discussion on the 
significance of the various terms (for references, see the end of 
the chapter). 


Bridge Circuits 

The majority of conductance measurements are made using an 
a.c. Wheatstone bridge circuit, but it will be helpful to consider 
first the d.c. bridge (Fig. 10.2). A battery B supplies current to a 
bridge network made up of resistors R,, R2, R3, and cell R, with a 
galvanometer G to detect the null point. R; is varied until a null 
point is reached, when the potentials atdand 5 must bethe same; 
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then R,/R, = R,/R3. Thus if R, and R2 be known, the adjustment 
of R; to give a null reading will enable Ry, the cell resistance, to 
be easily calculated. 
However, it is not usually possible to determine by this means 
the conductivity of electrolyte solutions, since the passage of a 
direct current will produce polarisation within the cell. This is 


d 


8 
Fig. 10.2, D.C. Wheatstone bridge 


made manifest by concentration changes near the electrodes, the 
evolution of hydrogen or oxygen from aqueous solutions, and 
other undesirable effects leading to erroneous results. 

In practice it is possible to make d.c. measurements of conduc- 
tivity using special methods which will be described later (p. 237). 
However for most purposes it is convenient to use an a.c. source 
which greatly reduces the polarisation effects. Most of the 
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bridges used are based upon that described by Jones and 
Josephs.} The bridge may be simply drawn as shown in Fig. 10.3, 
and there is a marked similarity to the d.c. bridge. The supply is 
now from an a.c. source, which may be the 50 c/s mains supply, 

or a supply from a valve oscillator. The most common frequency 


Fig. 10.3. A.C. Wheatstone bridge for conductivity measurement 


used in the past has been 1000 c/s; the headphone D used as a 
detector responds to this convenient audio-frequency, and for 
many electrode systems this frequency is sufficiently high to 
minimise polarisation. If d and b are at the same potential, as 
shown by zero sound in the headphone, the voltages across the 
components are related: 

LZ, _ IZ; 

NZ,  4Z, 

ft J. Amer. Chem. Soc. 50, 1049 (1928). 
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and if no leakage of current, either to earth or to other arms 
occurs, I, = J, and I; = Is, so that Z2/Z; = Z3/Z4. This is possible 
only if R2/R, = R3/Rs, and X2/X, = X3/X4. (For a discussion of 
reactance Y and impedance Z, see p. 30). 

In fact the cell, consisting of two parallel plates separated by a 
dielectric, forms a capacitor, and introduces capacitance into the 
R,arm. This may only be balanced by including capacitance also 
in the R; arm. Thus it is common practice to place a variable 
capacitor C in parallel with the variable resistance to balance out 
any capacity effects in the cell. 

Efforts must be made to reduce the possibility of leakage 
currents. Jones and Josephs} moved all conducting objects away 
from the bridge, whilst Shedlovsky} used symmetrical screening 
on the bridge arms to produce a ‘symmetrical leak’. The screens 
also minimise pick-up from magnetically induced external 
currents. Another source of current loss in a bridge of this type is 
due to possible differences in potential between the headphone 
and observer, the latter being at earth potential. Efforts are 
therefore made to keep the headphone at earth potential at 
balance without directly connecting it to earth; to this end a 
form of Wagner earth is used (Fig. 10.4). Rs and C, are adjusted 
to give the best balance, i.e. minimum sound in the headphone. 
The headphone is then connected to earth by S,, and Rs, Rs and 
C, adjusted until minimum sound is again obtained; when the 
headphone is reconnected to the bridge, it remains at earth 
potential. R; and C, are then readjusted to give a new balance 
point; if necessary the whole process is repeated. As with the 
screening the application of a Wagner earth does not always 
improve the performance of the bridge and practical experience 
is the best guide. 

Thus from the practical point of view most conductivity 
bridges are based upon the simple a.c. Wheatstone bridge. Many 
designs exist; the salient points of a few will now be mentioned. 

A simple laboratory bridge circuit is shown in Fig. 10.5(a) and 
(b). In this instance R, and R; are fixed resistors of, say, 45 Q and 
Im is a slidewire of uniform resistance of approximately 10 Q. 
It is possible to completely ‘short-out’ either R, or R, using a 


+ For references to the work of Grinnell Jones and his collaborators, 
see p. 253. 
t J. Amer. Chem. Soc. 52, 793 (1930). 
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thick copper connecting link, giving a very wide range of ratios. 
A schematic diagram of such a ratio-arm is given in Fig. 10.5(a). 

The headphone may be replaced by some other detector of 


Fig. 10.4. A.C. Wheatstone bridge with Wagner earth 


a.c.; e.g. the a.c. may be rectified, amplified and applied to a 
meter. In some commercial instruments the ‘magic eye’ (des- 
cribed earlier) is used as detector, whilst in others use is made of a 
cathode ray oscilloscope (Fig. 10.6). This gives a circular or 
elliptical trace, degenerating to a line when the bridge is balanced. 
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TO DETECTOR 


SHORTING LINK SHORTING LINK 
(approx) 
1on WIRE 


Fig. 10.5. Practical bridge: (a) slide-wire; (6) circuit diagram of bridge 
8* 233 , 


Fig. 10.6. Cathode ray oscilloscope as bridge balance detector: 7, audio ~ 

transformer matching oscillator to bridge; R,, Ry, R;, decade resistance 

boxes; R,, conductivity cell; C,, decade capacitor, with variable air- 

dielectric capacitor in parallel; D, detector. Cathode ray oscilloscope with 
plates connected as shown 
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R, and R,, the ratio-arm resistances, are often included together 
in a variable ratio box. Industrially it is often impractical to 
thermostat the cell and some method of temperature compen- 
sation of conductivity must be used. One method involves the 
substitution of one of the ratio arms by a cell containing an 
electrolyte whose temperature coefficient is the same as the test 
solution, and indeed in many cases a further sample of this 
solution is used. The sealed compensation cell is then enclosed 
in the same vessel as the measuring electrodes, and consequently 
it will be subject to the same temperature variations as the 
measured solution. 


i 


The very simple, though not very accurate, conductivity meter 
is used to measure changes of conductivity, as in conductivity 
titrations. The conductivity is measured by the current flowing 
in the cell C when a constant a.c. voltage is applied across it. 
A circuit is shown in Fig. 10.7. The transformer serves to reduce 
the input voltage to about 4 V and by means of the potential 
divider R the voltage, as read by the a.c. voltmeter V, is main- 
tained constant. The current which passes is rectified, e.g. by the 
selenium bridge rectifier S and measured on a milliammeter. 


Fig. 10.7. A simple conductivity meter 


The Fixed-resistance Potential Drop Method (Fig. 10.8) 


A fixed resistance R, is connected in parallel with the conduc- 
tivity cell Cand the secondary winding 7; of a transformer which 
is energised by the a.c. supply O. If R; is small compared with 
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the electrolyte resistance the potential drop across R, is propor- 
tional to the conductivity of the solution. Thus it is only necessary 
to measure this potential using an a.c. potentiometer. As both 
potentiometer cell and resistance are supplied from the same 
transformer, variation of mains supply is of little importance. 
The balance point detector D which is used depends upon the 


Fig. 10.8. Fixed-resistance potential drop conductance measurement 


supply frequency; it may be a valve amplifier-detector and d.c. 
meter. Industrially 50 c/s mains supply are often used and an a.c. 
dynamometer galvanometer can be used. In this the exciting 
magnetic field is produced by an electromagnet supplied from 
the same transformer. The magnetic field thus varies in step 
with the alternating electric field produced in the deflecting coil 
by the measuring circuit, and a deflection is obtained when the 
bridge is out of balance. 
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To compensate for temperature variation of the electrolyte 
conductivity a resistance thermometer T is immersed in the solu- 
tion under test, this resistance being one arm of a Wheatstone 
bridge which is powered by current from the secondary winding 
T; of the mains transformer. Should the temperature of the solu- 
tion change the resistance of T will change; the bridge will become 
unbalanced and an additional e.m.f. (positive or negative) will 
be fed into the potentiometer circuit. This additional e.m.f. can 
be varied by R,, which is so adjusted that it just compensates for 
changes of cell resistance due to temperature variation. 


A Direct-current Instrument 


Industrially, direct-current methods find a great deal of applica- 
tion where high accuracy of measurement is not required. The 
majority of instruments are designed for solutions having very 
low conductivities, such as the determination of purity of a water 


DEFLECTING 
DEFLECTING CIRCUIT RES. 


COIL 


CIRCUIT RES. 


Fig. 10.9. (a) D.C. conductance meter 


sample that is almost ‘pure’; the current flowing is very small and 
the polarisation error is also small. Indeed often a constant polari- 
sation error can be assumed and allowance made in calibration 
of the instrument. These instruments are usually powered by 
batteries or rectified a.c. mains; the circuit of a typical instrument 
is shown in Fig. 10.9(a). 
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Fig. 10.9. (6) Cell for temperature-compensation of conductivity: 

H, bimetallic strip; C, cell casing—negative electrode; PP,, insulating tubes, 

separated by conducting cylinder B, to which are attached the positive 
electrodes KK,; GG), float 
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The indicating meter is a specially designed ohmmeter, the 
moving element consisting of two coils, a deflecting coil and a 
control coil, which are connected in parallel across the d.c. 
supply but arranged in such a way as to oppose one another. The 
deflecting coil is in series with an unknown resistance and the 
control coil in series with a fixed control resistance. The deflection 
of the moving coil is thus determined by the ratio of the currents 
flowing in the two coils, a ratio which is determined by the un- 
known resistance. Using this technique any effect due to mains- 
voltage variation is eliminated, whilst control springs in the 
meter are not necessary. The cell which is used is of ingenious 
design so as to compensate for temperature variations; it is 
illustrated in Fig. 10.9(6). 

The bimetallic strip H is temperature-controlled, and moves 
the ‘float’ GG; so as to compensate for temperature change, by 
variation of the volume of solution enclosed between electrodes 
PP,. 


The Transformer Bridge 

The transformer ratio-arm bridge, recently introduced, over- 
comes a number of disadvantages of the resistance-ratio Wheat- 
stone bridge, in particular the stray-impedance effects, and the 


Ac 


SOURCE DETECTOR 


Fig. 10.10. Basic circuit of the transformer bridge 


need for a Wagner earth. Screening of the more compact trans- 
former bridgeis also simpler. An outline of the transformer bridge 
is given in Fig. 10.10. 
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The value of an impedance Z is defined by theratio E/J, where E 
is the voltage across the impedance when a current /is flowing in 
it, but since it is very difficult to measure E or J absolutely with 
great accuracy this ratio is seldom measured directly—the practice 
is to make a comparison measurement with a known impedance 
using a bridge. Adopting the subscripts u and s for unknown 
and standard respectively, since: 


Z, = Ey and Z, = Es Lee (27) Li 
[, u L Ss 
This is a fundamental equation for the comparison of impedances, 
and if Z, be a standard fixed impedance, the product of two ratios 
is involved. In the bridge shown 7, and 7; are transformers which 
for convenience may be called the voltage and current trans- 
former respectively. 7, is energised by an a.c. source and the 
secondary winding is tapped to give W,, and W, turns. 

T, is also tapped to give Wz, and W; turns, and the secondary 
winding of this transformer is connected to a tuned detector. Ina 
simple theoretical treatment of the bridge circuit we may assume 
that the transformers 7, and 7> are ideal transformers. Consider 
the case where Z, has been adjusted to a null position; under these 
conditions zero flux is produced in the current transformer 7; and 
there is no voltage drop acrossits windings. The voltage across the 
two impedances are EF, and E,, so that the currents may be 
written as 
E, 


oes E; 
=> 


L, Z. 


i,= 
But since zero core flux condition exists in the current trans- 
former, the algebraic sum of the ampere turns is zero, 
1,Wi, = 1,W; 
Substituting for J, and I, gives: 
E,|Zu.W, = E|Z,.W, or Z, = Z,.E,/E,.WilW: 


Since the transformers are assumed ideal, the voltage ratio is 
equivalent to the turns ratio on the voltage transformer 7), i.e. 


E,|E, = W,|W, ot Z, = Z,.W.|W,.Wi|W. 
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Thus it can be seen that two turns ratios are involved, both of 
which may be of the order of 1000:1 giving an effective ratio of 
10°:1 without loss of sensitivity. The practical arrangement of 
such a bridge is shown where the impedances Z, and Z, have 
been divided into reactive and resistive components (Fig. 10.11). 
Since at balance the in-phase (resistive) and quadrature (reactive) 
ampere-turns separately sum to zero, the conductance standard 


Fig. 10.11. Transformer bridge circuit—resistive and reactive components 
of bridge impedances 


G, and reactance standard X, can be connected to different tap- 
pings on the transformers to balance out the currents produced 
by the unknown impedance. 

If the conductance term be considered it can be shown that 


W,.Ws _ Ws 
Gu = Co G7 = GW) ay 


(G,, the standard conductance, = 1/R,). 

It is convenient to consider the term (G, W,) as the standard 
term, and it is immaterial whether G, is maintained constant and 
W, varied, or W, kept constant and G, varied; both W, and G, 
may be varied, and in the industrial bridge the last of these 
techniques is used, giving rise to the use of relatively few fixed 
standard conductances. Ideal transformers cannot easily be 
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produced; in practice, however, the transmission loss between 
the primary and secondary windings of the voltage transformer 
only reduces the sensitivity of the bridge, which can be compen- 
sated by increasing the detector gain. The important factor is the 
actual voltage ratio between the unknown and standard, both 
tapped across the secondary windings of the voltage trans- 
former. This ratio is dependent upon (i) the turns-ratio, (ii) the 
flux linkage, (iii) the effective series impedance of the windings 
compared with that of the load. The voltage induced in a coil is 
proportional to the product of the number of turns and the rate 
of change of flux. Therefore, if all the windings embrace the same 
flux the ratio of induced voltages is equal to the turns-ratio. 
Commercially the windings are precision-wound upon a common 
core of high permeability. The (core flux) : (air flux) ratio is of the 
order of 1000: 1 and it is arranged that the air flux is common to 
both windings. It can be shown that if the windings are so badly 
arranged that none of the air flux is common the error is only 
0-01 %; the series impedance of the windings can be shown to be 
of negligible importance. 

The conventional Wheatstone bridge may be regarded as a 
two-terminal arrangement; the transformer ratio-arm bridge 
however, with its ‘neutral’ connection, may be regarded as a 
three-terminal arrangement. Diagrammatically the network can 
be represented as in Fig. 10.12(a) and in bridge form in Fig. 
10.12(5). 

Zen Shunts the voltage transformer T; and Z;y shunts the 
current transformer 7>. At balance no voltage exists across JT, and 
the only effect of Z;y is to reduce the input impedance to the 
detector, reducing the sensitivity; this can be compensated by 
increasing the detector gain. Zen shunts the windings of the 
voltage transformer and at balance has the full voltage across it. 
It thus loads the source, and by drawing current through the 
source impedance reduces the applied voltage E,,. The measure- 
ment does not depend on the absolute voltage but on the ratio 
E,/E,. In an ideal transformer this is a constant equal to the turns- 
ratio, and a shunt on one winding reduces the voltages on all 
windings in the same proportion. In practice, whilst the trans- 
formers cannot be regarded as ideal and shunt impedances will 
produce small errors, careful construction can reduce the errors 
to negligible proportions. 
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The transformer bridge may be used with conventional dip- 
type electrodes, or with an ‘electrode-less’ cell; the latter is in 
the form of a loop, coupling the voltage and current transformers. 
If, in the previous argument, we make W, and W, single turns 
(i.e. W, = Wi = 1), we have G, = G,. W, W;. This single-turn coil 


: : 


VOLTAGE CURRENT 
TRANSFORMER TRANSFORMER ~ 


: DETECTOR 


2 
(d) 
Fig. 10.12. Three-terminal arrangement of the transformer ratio-arm 
bridge 
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linking the transformer cores may consist of a closed loop of 
the conducting solution under test, contained in a glass tube; 
such a cell is shown in Fig. 10.13. 


In this discussion emphasis has so far been placed upon the 
measurement of conductance; however, the measurement of 
capacitance, whether alone or with the conductance term, can 
just as easily be made with the transformer bridge (p. 239). 

It is of interest to consider a somewhat controversial point, 
with regard to the experimental determination of conductivity. It 
is apparent that the capacitance effect of a conductivity cell is 
usually balanced by a parallel capacitor across the variable 
bridge resistor. Now the equivalent electrical circuit of a conduc- 
tivity cell is quite complex; some authors suggest that the simplest 
approximation is a capacitance and resistance in series. Thus a 
parallel arrangement on the bridge is used to measure a series 
arrangement in the cell. If the measured parallel capacitance and 
conductance be C, and G,, respectively, then 


C, = C,+GJw?C, and G, = G,(1+w?C,R,) (cf. p. 49) 


w/27 is the frequency of the current and C, and G, are the equi- 
valent series values of capacity and conductance respectively. 
The use of these formulae often makes a considerable difference 
to the true values of conductance determined by cell measure- 
ments. 


High-frequency Conductivity 

Itis about ten years since the first papers appeared on the measure- 
ment and interpretation of conductance at radio frequencies in 
cells with external electrodes, and it seems convenient to consider 
the advantages and limitations of this potentially powerful 
technique. It differs from the low-frequency conductance 
measurements already described in two main respects. 


1. The frequency is raised from the audio to the radio range; 
frequencies of 1-50 Mc/s are generally employed, and much 
higher frequencies have been used for particular purposes. 

2. The normal dip-type electrodes are replaced; either the 
‘cell’-which may be an ordinary beaker or boiling tube- 
has two metal bands wound round the outside, or it may be 
inserted directly into the oscillator coil. 
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Fig. 10.13. Cell for transformer bridge 


External electrodes cannot of course become polarised by the 
cell contents, or contaminated by a precipitate; their use necessi- 
tates raising the frequency. The technique is most suitable for 
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comparative measurements, e.g. the indication of the equivalence 
point in a volumetric titration; it is much more difficult to 
obtain absolute measurements of conductance. The apparatus 
and methods may in fact be sub-divided according to the object 
in view. 

In absolute-conductance measurements, and in theoretical 
investigations, the test apparatus of an electronics laboratory has 
generally been used. As an example, we may consider the arrange- 
ment used by Monaghan et al.,t shown schematically in Fig. 
10.14. 


XTAL. 
Os C. 


Fig. 10.14. Block diagram of apparatus for the measurement of con- 
ductivity at radio frequencies 


The variable and crystal oscillators supply the mixer stage, and 
the difference frequency Sfis fed to the X-plates of a cathode ray 
oscilloscope. The Y-plates are connected to an audio-frequency 
oscillator, of frequency fy. If the variable oscillator is adjusted so 
that 8f =f, the oscilloscope trace is circular. Changes in the cell 
contents, e.g. during the course of titration, alter the frequency of 
the variable oscillator; the A.F. oscillator is adjusted to restore 
the circular trace, and the changes in frequency f, enable the 
titration to be followed. With this circuit, the equivalent electrical 
circuit of the cell may be investigated by the methods indicated 
later (p. 247), since the changes in f, may be related to those 
caused by resistance-capacitance combinations replacing the cell. 

Use has also been made of the simultaneous measurement of 
capacitance and conductance of the cell and its contents at 


+. Monaghan, Moseley, Burkhalter and Nance (1952). Analytical 
Chemistry 24, 193. 
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radio frequency; for this purpose the ‘Twin-T’ test bridge, or, 
for example, the Wayne-Kerr R.F. bridge, with separate oscil- 
lator and a radio-receiver as detector, is very suitable.t 

Routine analysis has generally employed simpler pieces of 
apparatus, specifically designed for comparative measurements. 
Commercial instruments are available in Americat and in 
Germany,§ and a similar instrument will shortly appear in this 
country.|| A brief description of this last follows. 

A Clapp oscillator, of high frequency-stability, is driven from 
a stabilised power supply. The anode current of the oscillator 
valve is almost 10 mA, but this is ‘backed-off’ by the reverse 
voltage developed from a separate stabilised supply, so that 
changes in anode current are registered on a sensitive micro- 
ammeter. The variations in oscillator current reflect changes in 
the cell contents, affecting the loading on the oscillator. The 
backing-off voltage, and the sensitivity of the meter, are both 
made variable. 

In relating changes in the parameter followed to changes within 
the cell, use is made of the equivalent circuit of Fig. 10.15(a). C, 
is the resultant capacity of the glass—dielectric capacitors, made 
up of electrode/glass/cell contents. C, and Rare the capacitance 
and resistance, respectively, of the path between the electrodes 
through the cell contents. A change in conductance within the cell 
affects mainly R,; change of solvent (i.e. change in dielectric 
constant) affects mainly C,. C, remains constant for a given cell 
and electrode disposition. This circuit reduces to the R,C, 
parallel combination of Fig. 10.15(b) at frequency w/2z if: 


K+ w(C; + C2)" 
Ry Kw? CZ 
Gos x C i+ w? Ci CAC; +C2) 
Poe K? + w(C; + C2)? 


where « (= 1/R;) is the conductance of the cell contents. 


t The Wayne-Kerr Laboratories Ltd., Chessington, Surrey, and 
Wayne-Kerr Corpn., Philadelphia, U.S.A. 

t The ‘Oscillometer’ of E. H. Sargent Inc., Chicago, U.S.A. 

§ Wissenschaftlich-Technische Wekstatten, Weilheim, Germany. 

|| Messrs. Polymer Consultants Ltd., Britannia Works, Colchester. 

{| The corresponding resistance R, in parallel with C, is so large as to 
be negligible, ie. we consider C, as an ideal capacitor. 
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Fig. 10.15. Equivalent circuit of the high-frequency conductivity cell, and 


the corresponding parallel CR-combination 
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Fig. 10.16. Titration of: (a) Ferrous ethylene diamine sulphate by potas- 
sium dichromate; (6) 10 ml N/1000 silver nitrate by N/50 hydrochloric 
acid 
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By calibration against a standard variable capacitor in place of 
the cell, C, may be found; to interpret this in terms of x, at a given 


350/ METER 
READING 


250 


200 
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mi. % SODIUM 
fe) 5 10 


Fig. 10.17. (@) Titration of N/100 hydrochloric acid by sodium hydroxide 
at frequencies: 10 Mc/s, 20 Mc/s, 30 Mc/s 


frequency, C; and C, are required. Now if the cell is filled with 
mercury, C, reduces to C; (since x is much greater than wC,, and 
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C, is short-circuited); if it is filled with conductivity water « = 0, 
and 
_ ac 
P™ C1+Ca 


and, knowing now C2, C, may be found. Typical values are: 
C,(Hg) = 28 pF; C,(H.0) = 22:3 pF 
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ie) 5 1O 


Fig, 10.17. (6) Titration of three electrolyte concentrations. Hydrochloric 
acid v. sodium hydroxide, at 20 Mc/s 


As already explained, in titrations only changes in anode 
current (or some similar variable) are required; typical curves 
for a number of volumetric estimations, which have been carried 
out with a practical instrument, are shown in Figs. 10.16(a) 
and (5). It will be observed that the shape of the titration curve 
differs in different titrations, as of course it does in low- 
frequency conductimetric titrations. 

One important characteristic of high-frequency titrations is the 
variation in shape of the titration curve with change of frequency 
and/or concentration. 


250 


BLECTRICAL CONDUCTANCE OF SOLUTIONS 
In Fig. 10.17(a), meter readings are recorded for the titration 
of 0-01N HCl, at three frequencies; in Fig. 10.17(b), the middle 
frequency is employed in the titration of three concentrations of 
HCl. Evidently, the frequency should be chosen for optimum 
sensitivity near the equivalence point. 
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Fig. 10.18. Dielectric constant of ethanol—water mixtures and correspond- 
ing meter reading 


As an example of change in dielectric constant, at constant 
conductance, the effect of adding water to ethanol is shown in 
Fig. 10.18; sensitivity falls off outside the range within the 
vertical dotted lines. 

In order to retain sensitivity at higher concentrations, much 
higher frequencies have been used. Lanef suggests that a fre- 
quency of 250 Mc/s may be used for concentrations up to 0-7 
normal. 

+ E.S. Lane (1957). Analyst 82, 406. 
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Instead of backing-off the anode current, a direct reading 
microammeter may be connected in the grid circuit, and its indi- 
cation used to determine the titration end-point. Anode and grid 
meter readings are compared, for the titration of N/100 hydro- 
chloric acid by sodium hydroxide, in Fig. 10.19. 
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Fig. 10.19. Comparison of anode and grid meters in the titration of 100 ml 
N/100 hydrochloric acid by N/2 sodium hydroxide 


The high-frequency titration technique has been employed for 
a large and varied series of estimations—some of which are listed 
in the bibliography at the end of this chapter. We may summarise 
by saying that this method is a rapid and direct method for 
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following changes in conductance and/or dielectric constant, 
such as arise in the course of various chemical reactions; it is, 
however, very difficult to convert the results to an absolute scale 
of measurement. 
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Problems 


1. The electrical conductivity of solutions may be measured using 
a.c, and d.c. techniques. Describe apparatus suitable for making both 
types of measurements emphasising the limitations of the methods. 

2. A conductivity cell is filled with a solution of potassium chloride 
containing 0-150 g of salt per litre. The resistance of the cell is 17-55. 
Given that the specific resistance of the solution at the temperature 
of the experiment is 2-70 x 10-3 ohm~! cm~', calculate the cell con- 
stant of the cell. Show how this constant may be used in the evaluation 
of the equivalent conductivity of any other solution which would give 
sensible experimental results if used in this cell. 


Answer. 0-0474. 


3. ‘The transformer ratio-arm bridge offers great advantages in 
the measurement of the conductivity of electrolyte solutions.’ Discuss 
this statement critically. 

4. What are the advantages and disadvantages of ‘electrodeless’ 
(radio-frequency) conductivity measurement, as compared with the 
low-frequency internal electrode technique? 
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CHAPTER XI 


Section I: The Measurement of Electromotive 
Force and Electrode Potential 


The measurement of electromotive force and the determination 
of electrode potential is of importance in many electrochemical 
studies, and in ‘pH’ measurement; some theoretical principles 
involved will first be discussed. 


Electrode Potentials 


When a metal rod is immersed in a solution of one of its salts a 
redistribution of charge occurs; the metal tends to dissolve to 
form positive ions leaving the metal electrode itself negatively 
charged: at the same time the metal ions in solution tend to 
deposit on the electrode, charging it positively. Equilibrium is 
soon established, when these two processes occur at equal rates; 
the position of equilibrium depends upon the concentration of 
metal ions in the solution, the nature of the electrode system and 
the temperature. In a normal solution of its ion zinc acquires a 
negative potential, since the tendency to dissolve predominates ; 
copper, on the other hand, gains a positive potential by deposition 
from a normal solution of cupric ions. These two electrode 
systems, often in a modified form, are combined in the familiar 
Daniell cell, so that the cell e.m-f. is the algebraic sum of the 
electrode potentials set up; we may ignore at this stage any e.m.f. 
set up at the solution interface (the ‘liquid junction’ potential). 
The generalised form of such cells is written: 


Solution of metal 1, Solution of metal 2 
Metal 1 : aoe 
ions, concn. C; ions, concn. C, 


— 


$s 0 
Metal I half-cell Metal 2 half-cell 


Metal 2 


The symbol ‘::’ denotes that the solutions are not free to mix 
with one another and also that the liquid junction potential has 
been minimised (p. 260). 
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If we chose the metal 1 half-cell as reference standard we could 
compare the electrode potentials of a series of other metals by 
combining them with metal 1 in cells of the type shown. This in 


HYDROGEN 


THE HYDROGEN 
ELECTRODE 


Fig. 11.1. Hydrogen electrode 


fact is done; the reference half-cell however is the Normal 
Hydrogen Electrode, as suggested by W. Nernst (Fig. 11.1). 
Hydrogen gas at a partial pressure above the solution of 1 atmo- 
sphere bubbles through a solution containing hydrogen ions, and 
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over the surface of the platinum foil electrode. The electrode 
surface is coated with finely-divided platinum (‘platinum black’), 
and the solution contains hydrogen ions at unit activity.t The 
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<t——- RUBBER BUNG 


vs 
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JUNCTION 


THE REFERENCE 
CALOMEL ELECTRODE 


Fig. 11.2. Standard calomel electrode 


+ For our purpose we may define the activity of an ion in solution as 
its effective concentration; because of interionic attractions the activity is 
lower than the actual concentration except in very concentrated solutions. 
Thus in 1:228 normal hydrochloric acid solution, the hydrogen ion ac- 
tivity at 25°C is 1-000. 
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platinum black speeds-up the attainment of equilibrium in the 
process: 2 Ht +2e=Hp. 

Thus, if a cell is constructed with the normal hydrogen elec- 
trode (N.H.E.) as one half-cell, the potential of the other elec- 
trode Ey may be expressed Ey = E..1— Ex.nz.. Now by conven- 
tion we take the electrode potential of the normal hydrogen 
electrode as zero, i.e. Exu.z.=0, and the unknown potential 
Ey = Even: 

It is not necessary to make the partial pressure of hydrogen 
exactly one atmosphere, or the activity of hydrogen ions exactly 
unity; corrections may be made for departure from these 
standard states. Nevertheless the hydrogen electrode is rather 
inconvenient, necessitating a cylinder of hydrogen gas, an 
accurate manometer, and a freshly platinised (i.e. coated with 
platinum black) electrode. More convenient electrode systems, 
whose potentials have been accurately determined with respect 
to the normal hydrogen electrode, are used as secondary stan- 
dards. The standard calomel electrode, which is a very con- 
venient reference electrode, is shown in Fig. 11.2. It will be noticed 
that the mercury-calomel paste electrode eliminates the strain 
potential sometimes present in metals and that the electrode 
potential varies according to the concentration of chloride ion 
in the adjacent solution, as follows: 


0-1N KCl, E = 0-3338 V at 25°C 
1-0N KCl, E = 0:2880 V 9 
Saturated KCI, F = 0-:2415 V es 


. Hydrogen Ion Concentration and the pH Scale 


In conjunction with a suitable reference electrode, the hydrogen 
electrode could be used to determine the concentration (or, 
more exactly, the activity) of hydrogen ions in a given solution. 
For a normal solution of a strongt acid this concentration is 1-0; 
in a normal solution of sodium hydroxide the hydrogen ion con- 
centration is 10~'*. In 1909 Sérensen introduced the very con- 
venient pH scale of hydrogen ion concentration: if the concen- 
tration is C g-ions per litre of solution, pH = — logioC; thus for 


+ A ‘strong’ acid or alkali is one which is fully dissociated into its ions 
at concentrations below approx. 2 normal. 
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the two solutions mentioned the pH of the acid is 0, and of the 
alkali, pH = 14. The potential of a hydrogen electrode in an 
aqueous solution is given by: 


E = —1-983 x 10-47. pH—0-9915 x 107‘ T logio Pu, 


where Tis the absolute temperature and py, is the partial pressure 
of hydrogen gas above the solution. At a fixed py,, the potential 
is evidently proportional to the pH of the solution. 

For convenience, the hydrogen electrode is usually replaced by 
a secondary electrode which does not require the use of hydrogen 
gas (e.g. the glass electrode, p. 260). In order to determine the 
pH of a solution, the secondary electrode is combined with a 
reference electrode (e.g. the calomel electrode) and the e.m.f. of 
the resulting cell measured. In principle, the e.m.f. could be 
measured by a voltmeter, but in practice this results in too large a 
current being drawn from the cell, so that a potentiometer or 
valve voltmeter is used. (For further discussion on electrode 
reactions and potentials, and on the significance of pH in various 
solutions, reference may be made to the texts quoted at the end 
of this chapter.) 


Potentiometric Measurement 

In Fig. 11.3, 44 is a thin wire of uniform resistance on which the 
sliding contact B moves; W is a Weston cadmium cell, and Ca 
2 V accumulator. With switch S in the ‘calibrate’ position (S;) 
contact B is moved until the galvanometer G registers no deflec- 
tion; the length AB is noted, AB,, say. With the switch in posi- 
tion S, the unknown cell U replaces the Weston cell, and a new 
balance point is found, AB,; then E, = E,.AB,/AB,, where E, 
and E, are the e.m.f.s of the unknown and the standard cell, 
respectively. 

To achieve adequate sensitivity an extremely long slide wire 
AA would be needed, and it is general practice to replace the wire 
by a number of series combinations of resistance coils and a short 
slide wire. The dials are standardised to indicate the e.mf. 
directly ; when the switch is set to position S, (‘standardise’), an 
internal connection sets the contact to position AB, correspond- 
ing to the voltage of the standard cell,j and resistance R is 


+ For the Weston cell the e.m.f. at 1°C is given by: 
1-018300—4-6 x 10-* (t— 20) — 9-5 x 10-7 (t— 20)? volts 
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varied to produce the balance. The potentiometer is now stan- 
dardised to read directly in volts, and its resistance coils and 
slide-wire may be calibrated. 

This method of determining the e.m-f. of a cell, known as the 
Poggendorf compensation method, can be used where the in- 
ternal resistance of the unknown cell is relatively small-a few 
thousand ohms; such is the case with low-resistance electrode 
systems, e.g. the hydrogen, quinhydrone or antimony electrodes 


c R 


bw 


U 


Fig. 11.3. Simple potentiometer circuit 


combined with a calomel electrode (p. 257). This type of poten- 
tiometer is also used to measure the e.m.f. generated in a thermo- 
couple circuit. Thermocouple potentiometers in which the poten- 
tiometer, galvanometer, standard cell and driving cell are placed 
in one case, may be calibrated in temperature units; the e.m.f.s to 
be measured are comparatively small. 

However, as the internal resistance of the cell increases the 
current which can be drawn without invalidating the measure- 
ment rapidly decreases and the conventional galvanometer must 
be replaced by a more sensitive device such as a quadrant 
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electrometer, or the more convenient electrometer-valve volt- 
meter (p. 177). The important practical combination of the glass 
and calomel electrodes is a high-impedance system of many 
megohms which requires this form of potentiometer. 


The Glass Electrode 


It has already been shown that the hydrogen electrode can be 
used to measure the pH of a solution and it is the most precise 
electrode for this purpose. However, it is inconvenient to set 
up and other more convenient hydrogen-ion electrode systems, 
e.g. the quinhydrone and antimony electrodes, have been used. 
The former of these may be used below a pH value of 8, whilst the 
latter, although robust, requires some time to reach equilibrium 
and cannot be used in the presence of oxidising or reducing 
agents, or in the presence of certain metals which deposit on the 
antimony. Thus whilst being of some importance, such electrodes 
can hardly be described as versatile. The glass electrode, however, 
is unaffected by most chemical substances, and when specially 
constructed may effectively cover the whole pH range; as such it 
is the most versatile secondary pH electrode. Some of its limit- 
ations will be mentioned later. . 

The electrode (Fig. 11.4) consists of a thin glass bulb, made of 
relatively conducting glass, attached to a stem of stouter non- 
conducting glass. If now the bulb is filled with a dilute solution 
of an acid, and the whole immersed in a solution also containing 
hydrogen ions, a potential is developed across the glass membrane 
which is proportional to the difference in hydrogen ion concen- 
tration between the liquids in contact with the two sides of the 
membrane. Since the bulb is filled with a solution of fixed hydro- 
gen ion concentration, the potential developed is a measure of 
the hydrogen ion concentration or pH of the solution outside the 
bulb. In order to measure the potential developed, a cell must be 
set up as illustrated: 


Solution 
Reference Glass of Salt Reference 
electrode | membrane | unknown | bridge | electrode 
pH 


The ‘salt bridge’ is a device for minimising the liquid junction 
potential; it can be shown that this is achieved if the liquids are 
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joined by a concentrated electrolyte solution in which the cation 
and anion have practically equal ionic conductances. Thus, the 
salt bridge is in practice a concentrated aqueous solution of 


SCREENED ——> 
LEAD 


INNER 


ELECTRODE 
THIN WALLED HCL 
BULB OF pH SOLUTION 


SENSITIVE 
GLASS _ By 


A GLASS ELECTRODE 
Fig. 11.4, Glass electrode 


potassium chloride or ammonium nitrate; free diffusion is 
prevented by a sintered glass disc between this and the adjacent 
solutions, or by adding agar agar to the hot solution so that it sets, 
on cooling, to a conducting ‘jelly’. 
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Fig. 11.5. A typical electrode assembly: (a) Diagrammatic. A, sample 

solution; B, suitable electrode (e.g. glass); C, reference electrode (.g. 

calomel); D, standard solution; E, liquid junction, or salt bridge; F, 

potentiometer or indicator. (6) A practical glass electrode assembly 
(Morton pattern) 
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In Fig. 11.5, the glass electrode is combined with a saturated- 
KCI calomel electrode to form a complete cell; the potassium 
chloride solution forms the salt bridge. The complete cell may 
be written : 


Solution 
Ag | AgCl, HCl Glass A KCl Hg,Cl, | Hg 
a=] membrane | (unknown saturated 
pH) 


Some of the limitations of the glass electrode will be mentioned 
briefly. Firstly, the glass membrane has a very high resistance 
(10-100 MQ), necessitating the use of a valve voltmeter of high- 
input impedance. This also requires that the insulation resistance 
of the leads, supports, etc., must be extremely high (100,000 MQ), 
and consequently these must be kept short and made of highly- 
insulating materials with good moisture-resisting properties. 
Modern insulators such as polythene, P.T.F.E. and silicone 
rubber have suitable insulating properties and it has been found 
helpful to coat the upper part of the electrode with water-repelling 
silicone oil. 

Secondly, using a normal glass, i.e. sodium glass as the elec- 
trode, errors may arise in alkaline solutions (above pH 9), 
known variously as the cation error, the sodium ion error and 
the alkali error; these become considerable at pH values above 
11. The error arises from the mechanism by which the glass 
electrode operates and which is still not completely elucidated. 
Basically, however, the glass acts as a conductor due to the 
sodium ions contained in it, and to the fact that water and its ions 
are able to pass through the membrane; when the membrane 
separates two solutions of different hydrogen ion concentration 
it may be assumed that the potential develops by virtue of transfer 
of hydrogen ions from the higher to the lower activity. Even when 
the solutions on the two sides of the membrane have the same 
hydrogen ion activity a potential difference often exists. This is 
the asymmetry potential, which varies from day to day, and is 
probably produced by strain in the glass because of the different 
treatment of the two sides of the membrane. Such potentials are 
often produced when the electrode surface is allowed to dry out, 
or if it has been immersed in strong acid or alkali; the asymmetry 
potential may be very considerably reduced by immersing the 
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electrode in N/10 hydrochloric acid for about 24 hours. By virtue 
of its structure the glass electrode is sensitive to the transfer of © 
other cations; in alkaline solutions, particularly at elevated 
temperature, some cations readily penetrate the glass electrode 
leading to a low indicated pH value. The effects of various cations 
have been listed ; the largest error is produced by the sodium ion, 
with lithium ion producing about half the sodium value, and the 
majority of cations producing errors of about one-tenth that 
due to sodium. The alkali error is reasonably reproducible and 


pH. and Temperature 


2 
E= BI- CT.pH. 
Graph for temperature T> NX : 
“, ‘ 
" (>?) The 
. Slope 

Change is 
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Fig. 11.6. E.M.F./pH graph at temperatures 7, and T, 


may be allowed for; alternatively, by use of ‘high alkalinity 
electrodes’ the error is made very much smaller. These electrodes 
are made of special glass containing lithium, potassium, caesium 
or mixtures of these elements for use in strongly alkaline solutions. 

In addition, a temperature error may also exist. Firstly, the pH 
of a solution may vary with temperature, the extent of the 
variation depending upon the nature of the solution. Further, 
the e.m.f. developed by the type of cell shown is given by: 


E = A+BT-CT.pH 


where A and B depend upon the nature of the electrodes, Cis the 
Nernst equation temperature coefficient (1-983 x 10~* per °C) 
and T the absolute temperature. 
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Now in practice the cell is calibrated using solutions of known 
pH (buffer solutions); since A is independent of both pH and 
temperature, by modifying the bias of the measuring circuit the 
equation can be reduced to E= BT—CT.pH, and a graph 
illustrating this effect is shown in Fig. 11.6. 

Consideration of the graph shows how the relationship between 
e.m.f. and pH will vary with temperature and the zero shift. It 
is possible to compensate for these errors in pH meters. 


Measurement of E.M.F.s Produced in High Resistance Electrode 
Systems 

A typical glass electrode has a resistance of 100 MQ, and if an 

accuracy of 0-02 pH units is required it is necessary to measure 

the electrode potential to at least 1 mV. Thus the detector must 
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Fig. 11.7. Electrometer triode and milliammeter as indicator in a potentio- 
metric circuit 
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be sensitive to at least 10~!! amp; nowadays valve voltmeters are 
frequently used for this purpose. These incorporate an electro- 
meter valve (p. 177), the main characteristics required being: 
very low grid current, stable anode current for a fixed electrode 
potential and the maximum mutual conductance, consistent with 
the other requirements, for adequate sensitivity. 

The electrometer valve may be used in a null-deflection 
instrument using a potentiometer (Fig. 11.7). The voltage genera- 
ted by the cell is opposed by a known voltage from an ordinary 


Fig. 11.8. Null-indicating potentiometer. Anode current meter with 
backing-off circuit 


potentiometer. Under these circumstances there will be zero 
voltage on the grid of the valve, which is indicated by a meter in 
the anode circuit. This is simply an extension of the simple 
potentiometer circuit in which the galvanometer is replaced by 
an electrometer-valve voltmeter. 

In previous chapters it has been shown that for a triode valve 
arelatively large anode current can be controlled by small changes 
in grid voltage, whilst drawing very little grid current. In the 
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case of an electrometer valve the grid current may be as low as 
10—'5 amp; for a valve with a mutual conductance of 5x 1075 
amp/V, a change of 1 mV in the grid voltage produces a change in 
anode current of 5x 10~* amp. Such a valve passes an anode 
current of 40 pamp, and it is necessary to ‘ back-off’ the standing 
current so that the sensitive detecting meter responds only to 
the change in anode current. 


ELECTRO ~ 
METER 
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ELECTRODES 
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DECADE 
POTENTIOMETER 


y 
Fig. 11.9. Basic circuit of pH meter (S, and S, are ganged) 


REFERENCE 


With the switch in position S, (Fig. 11.8) the backing-off 
rheostat Rh is adjusted until no deflection is shown by the meter. 

The switch is now moved to S3, and the potentiometer readjus- 
ted for zero. The points S; and S, are now at the same potential, 
and the unknown e.m.f. may be read from the potentiometer—the 
valve circuit again simply replacing the potentiometer galvano- 
meter. This combination of valve voltmeter and laboratory type 
potentiometer is quite satisfactory, and they may be combined in 
one instrument to give a pH meter; the basic circuit is shown in 
Fig. 11.9. 


267 


LABORATORY AND PROCESS INSTRUMENTS 

With the ganged selector switch S,S, in the ‘zero’ position, 
the ‘set zero’ rheostat Rh, is adjusted so that no current flows in 
the galvanometer. With the selector switch in the ‘standardise’ 
position, the e.m.f. of the standard cell will act in opposition to 
the potential difference across the potentiometer wire YZ. Rhyz is 
adjusted to give null deflection, when the potential difference 
across YZ equals the e.m.f. of the standard cell, and the wire is 
calibrated. In the ‘read’ position the cell potential acts in oppo- 
sition to the potential difference across the wire XY, and by 
moving X until zero deflection is obtained, the potential repre- 
sented by XY is the cell potential. In practice, the slide-wire is 
calibrated both in volts and in pH units. 


TO 
VALVE VOLTMETER 


; {> 


TO 
ELECTRODES 


RAheostat 
B 


Y 
Fig. 11.10, Temperature-compensation circuit 


We have seen that temperature compensation must be applied 
if the potentiometer wire is to be directly calibrated in pH units, 
and this may be achieved by the following circuit (Fig. 11.10). 
The temperature adjustment is made by adjusting rheostat T 
which is in parallel with the potentiometer wire YZ. The potential 
difference decreases as 7, which is calibrated in °C, decreases. 
Consequently 7 is adjusted to the temperature of the solution 
and_X set to the known pH of the buffer solution at the standard 
temperature. With the switch in the ‘read’ position, rheostat 
Rh, is then adjusted for balance; the potentiometer circuit of 
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which Rhg is part compensates for the A term (which varies from 
cell to cell) in the equation: 


E = A+BT-—CT.pH 


The instrument now records directly the pH of the solution under 
investigation, at the temperature of measurement. 

The potentiometer-type instrument requires a steady d.c. 
voltage to be applied to the potentiometer, so that many of these 
instruments are battery-operated. 


Direct Reading Instrument 


In principle this type of instrument could be represented by the 
circuit of Fig. 11.7, with slider B moved to C, so that the voltage 
from the cell is applied between the grid and cathode of the valve; 


AMPLIFIER 


Fig. 11.11. Feedback d.c. amplifier 


as the grid voltage varies so also does the anode current, the 
variation being shown on a meter directly calibrated in pH units. 
In order to increase the sensitivity the anode current of the 
electrometer valve may be amplified. The requirements of a 
suitable d.c. amplifier are: it must draw negligible current from 
the cell; it must be independent of supply voltage variations; and 
the input potential and output current must be linearly related. 
These are achieved by the use of heavy negative feedback (p. 308). 
The input voltage V; and the output voltage V, are linearly 
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related by V, = 1/8. V; (where Bis the fraction of the output which 
is fed back in phase opposition to the input), so long as the feed- 
back resistor R, (Fig. 11.11) remains constant. The effect of 
voltage variations is reduced by the factor 1/f. 

In balanced amplifiers two valves are used, connected so that 
variations in supply voltage affect both valves of the pair. In 
Fig. 11.12, the points A and B remain at the potentials deter- 
mined by the grids, practically irrespective of H.T. variations. 


HT+ 


(INPUT 


Fig. 11.12. Balanced amplifier with variable feedback 


A combination of balanced amplifiers and negative feedback 
enables the required zero stability, sensitivity and linearity to be 
obtained. 

Another type of d.c. amplifier which has been used very 
successfully in accurate pH measurement, is the Vibron electro- 
meter of Messrs. E.J.L., Richmond, Surrey, which we have 
already considered (p. 148). 

Throughout this chapter the measurement of an e.m.f. has 
largely been associated with the determination of pH, but it must 
be emphasised that the methods described may be used to 
measure any e.m.f., the choice of a particular instrument 
depending upon the circumstances. 
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Section II: Dielectric Constant and Capacitance 
Measurement 


Procedure 

The determination of dielectric constants of gases, liquids and 
solutions is generally made by chemists in order to calculate 
electrical dipole moments of molecules. Further, the value of 
the dielectric constant of a material may be a most useful control 
quantity, e.g. in the determination of the moisture content of an 
organic liquid such as acetone. The method is only easily applic- 
able if the solution is relatively non-conducting; because of this, 
it is largely limited to dilute solutions of polar compounds in 
non-polar solvents. (In non-polar molecules there is a coincidence 
of positive and negative charge centres, whilst in polar mole- 
cules there is a lack of coincidence. Compare the polar HCl 
molecule with the non-polar N, molecule, Fig. 11.13). The 
measurement of dielectric constant is fundamentally the measure- 
ment of capacitance, in as much as the dielectric constant (D) 
of a material M may be defined: 


Capacitance of a capacitor with dielectric M 
_ between the plates 
~ Capacitance of the same capacitor with a vacuum 
between the plates 


the dielectric constant of a vacuum being taken to be unity. 
Practically this is difficult to measure and generally the capacitor 
or dielectric constant cell is calibrated with a substance of known 
dielectric constant, e.g. benzene (D = 2-2925 at 25°C) or air 
(D = 1:0006 at N.T-P.). 

The capacitor bears little resemblance to those described in the 
earlier chapters of this book; it is usually a glass dielectric- 
constant cell, such as that shown in Fig. 11.14. The electrodes are 
normally of silver, chemically deposited on to the walls of 
the inner glass compartment; contact is made via platinum wires 
sealed through the walls of the vessel. It is necessary to immerse 
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the cell in a thermostat bath of a non-conducting liquid such as 
transformer oil, and care must be taken to standardise the depth 
of immersion. Whilst a glass cell is shown, any insulating material 
may be used for its construction; many designs of cells have been 
produced. 
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Fig. 11.13. Comparison of polar molecule (HCI) and non-polar molecule 
2. 


We may now consider the experimental methods used to 
measure the dielectric constant of substances. In this context 
only the conventional methods will be discussed, employing 
frequencies around 10° c/s, the techniques involving molecular 
beams and microwaves being outside the scope of this text. 
The exact method used depends upon the physical state of the 
substance; gases present relatively greater difficulties than liquids 
in that their dielectric constants are usually very close to unity. 
However, the general principles of measurement are the same: in 
both cases capacitance changes are measured with reference to a 
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high-precision standard capacitor. Two ways of doing this are 
described. The first is the ‘parallel method’ in which the total 
capacity of the system is maintained constant, by varying the 


MERCURY 


PLATINUM 
CONTACT 


N 


N 


Fig. 11.14. Dielectric constant cell for liquids 


capacity of the standard capacitor in opposition to changes in 
the cell capacitance (Fig. 11.15(a)). 

The second and more satisfactory method is the substitution 
method in which the cell is replaced by the standard capacitor, 
and this is adjusted to maintain the total capacitance of the 
circuit constant. The wiring, and a suitable ballast capacitor C,, 
remain common to both circuits (Fig. 11.15(5)). 
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The methods are dependent upon the constancy of the source 
frequency; it is necessary to make corrections for stray capacity 
in the connections, etc., if these are not eliminated by the tech- 
nique adopted. Having dealt in outline with the procedure, we 
now consider some of the methods of comparison in more 
detail. 


STANDARD 
CONDENSER CELL 


(a) 


STANDARD 
CONDENSER 


(8) 


Fig. 11.15. (@) Parallel method of capacitance measurement. (6) Substi- 
tution method 


Experimental Methods of Measurement 


(i) Capacity bridge method. The bridge shown in Fig. 11.16(a) 
has many similarities to the modified Wheatstone bridge des- 
cribed under conductivity measurement; in this case it is assumed 
that the bridge is constructed from ideal capacitors, C, represent- 
ing the cell, C, the variable and C;, C; the fixed capacitors. At 
balance it can be shown that 

C2 


Ci = GO 
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However, if the liquid in the cell has an electrical conductivity 
the circuit must be modified, and the bridge is now represented 
by Fig. 11.16(5), where it has become necessary to place a variable 
resistor R, in parallel with the variable capacitor C,. If, however, 
the conductivity is very small, the bridge method is satisfactory, 


DETECTOR 


—O/ NY 


Fig. 11.16. (a) Capacitance bridge—perfect capacitor C, 


and the measurements are sensibly frequency independent. In 
practice, C, is often a non-standard variable capacitor, the actual 
cell being replaced by the standard capacitor in the substitution 
technique already described. 

(ii) Transformer ratio-arm bridge method. This method has 
been described under conductivity measurements as the bridge 
measures both conductivity and capacity simultaneously. In this 
technique it is possible to use a variation of the cell already 
described. Such a dielectric cell is shown schematically in Fig. 
11.17. 
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The ‘measured’ series readings which are obtained must be 
corrected for the capacity of the glass dielectric using the simple 


formulae: 
1 1 1 


Cas. Cus. Cy 


where C,.,, = corrected series capacity, 
= measured series capacity, 


m.s, 


C, = glass capacity. 


‘™~ 
Fig. 11.16. (6) Resistance R, of C, included 


The value of C, is easily obtained by completely filling the 
central glass tube with mercury and measuring the residual 
capacity of the cell. Again, it is possible to make the reading 
directly or to use the substitution method. 
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(iii) The heterodyne beat method. This method is generally used 

for measurements on liquids and solutions, but there is no reason 

why a well-designed apparatus should not be used for gases. The 

principle involved is that of the beat-frequency oscillator (p. 167), 
as illustrated in Fig. 11.18. 


THIN GLASS TUBE 
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(COPPER FOIL) 


POLYESTER 
CASTING 


tand 3=INNER NEUTRAL ELECTRODES 
2=VOLTAGE ELECTRODE 4=CURRENT ELECTRODE 


Fig. 11.17. Alternative form of dielectric constant cell 


The frequency of oscillator I is fixed but the frequency of 
oscillator II may be varied by altering capacitor C,, the beat 
frequency of circuit III changing as C, changes. Practically, it is 
common to maintain the beat frequency constant and make C, 
a substitution circuit as shown in Fig. 11.15(5). 
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Fig. 11.18. Beat-frequency method of capacitance measurement 
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Fig. 11.19. Resonance method of capacitance measurement 
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(iv) The resonance method. It has been shown that the impe- 
dance of an L—-C-R series circuit can be found from the formula: 


z= (os) 


where fis the frequency. The current is a maximum at resonance, 
consequently if both f and L be fixed, resonance will occur for a 
unique value of C and this obviously suggests a means of mea- 
suring the value of a capacitor. The principle is illustrated in 
Fig. 11.19. Oscillations of a fixed frequency are induced in 
circuit II by means of a crystal-controlled oscillator and Cy 
is adjusted until resonance occurs. This may be detected by 
means of a loosely-coupled detecting circuit III as shown, or 
by means of a valve voltmeter connected across a resistor in 
circuit II. A typical detecting circuit consists of a rectifier in 
series with a galvanometer, which shows maximum deflection at 
resonance. Once again in practice the capacitor system is usually 
of the type described under the ‘substitution method’ (Fig. 
11.15(6)). 


Solid Dielectrics 

So far the discussion of dielectric constant measurements has 
been restricted to gases, liquids and solutions. The dielectric 
properties of solids, too, are of great technical interest; in outline 


CAPACITOR 
PLATES 


SOLID 
DIELECTRIC 
Fig. 11.20. (a) Solid dielectric capacitor 


the methods are similar to those used for the liquids and gases, 
the only major difference being in the design of the cell. At first 
sight it would appear that the solid could easily be machined to 
make the dielectric between the plates of a capacitor (Fig. 
11.20(a)); but there are certain practical difficulties, due to the 
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imperfect and inconsistent contact of the dielectric with the 
plates, the compression of powdered materials to a reproducible 
‘cake’, etc. Despite these difficulties useful results can be obtained 
from such a simple system, e.g. in the determination of the water 


Fig. 11.20. (6) Fringing of field-d comparable with / 


content of wood, flour, etc., but of necessity these are empirical 
in nature. A three-terminal bridge method for the determination 
of the dielectric constant of a slab of solid dielectric has been 
described by Lynch.f The specimen is placed between the plates 
of a capacitor fitted with a guard ring (see below) and so 


+ Proceedings of the Institute of Electrical Engineers 104B, 359 (1957). 
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arranged that one plate may be moved on a micrometer drive 
(Fig. 11.20(c)), and an electrical balance is obtained on a capacity 
bridge. The specimen is then removed from the plates when the 
capacity of the system is altered, and the bridge goes out of 


MICROMETER->| 


INSULATING 
MATERIAL 


SPECIMEN 


WORKING ELECTRODES 


Fig. 11.20. (c) Micrometer cell 


balance. The balance is restored by adjusting the gap between the 
capacitor plates. 


Let C, = capacity of capacitor with specimen, 
C, = capacity of capacitor without specimen, 
A = area of electrode, 
t, = thickness of specimen, 
to = gap between electrodes and specimen, 
At = reduction in separation of electrode, 
D = dielectric constant of the specimen. 


It can be shown that 


Pi (5+) id (pete) 


C, A\D CG, +A 
But the measurement is such that C; = C, and thus 
t, 
ies t,— At 
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Thus, the measurement is such that the electrodes do not have to 
make intimate contact with the specimen, and from the final 
equation the dielectric constant is obtained without the use of 
either areas or capacitances. 

Capacitance measurements may also be used to determine 
mechanical displacements. The capacitance C, of a pair of 
parallel plates is given by: C, = K.(A/d) where K is a constant, 
A the area of the plates and d their separation. Using a two termi- 
nal bridge, if the plates are small this equation is meaningless 


NEUTRAL RING ELECTRODE 


NEUTRAL 


CURRENT 
TRANSFORMER 


VOLTAGE 
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STANDARD 


CAPACITOR 


Fig. 11.21. Transformer ratio-arm bridge for capacitance measurement 


because the fringe flux is the major component of the electro- 
static field (see Fig. 11.20(6)). To measure d using a capacitance 
probe of fixed plate area the curved flux lines must be eliminated ; 
this can be done using a three-terminal transformer ratio arm 
bridge and a ‘neutral’ guard-ring (Fig. 11.21). 

The only current entering the current transformer is collected 
by the central electrode of the probe capacitance C,, the current 
resulting from the ‘fringing flux’ being returned to the neutral 
line. Thus if the area of the probe electrode is known, measure- 
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ment of the capacitance C, allows the distance d to be deter- 
mined. 

In the ‘standard’ arm of the bridge, an enlarged model of the 
capacitance probe takes the place of a standard capacitor, and 
the spacing between the electrodes of this model is controlled 
by a micrometer. If the plate areas of the probe and the enlarged 
model are A, and A,,, and the respective separations are d, and 
dm: Cy = K.A,/d, and Cn = K.Am|dm. At balance, with a bridge 
ratio of 1:1, C, = C, and d, = d,.A,/Am. Thus if the probe has 
an electrode diameter of 0-1 in. and the model a diameter of 1-0 in. 
the area ratio is 1:100, and the spacing at the probe is 1/100 that 
of the model. Movement of the plate of the model through 0-001 
in. compensates for a probe electrode movement of only 107° in. ; 
variation of the area and bridge ratios allows a wide range of 
mechanical displacements to be measured very accurately. 


NOTES 

Reversible Hydrogen Electrodes 

For an electrode to be reversible to hydrogen ions, the basic 
equilibrium set up at the electrode-solution interface must involve 
the concentration of hydrogen ions in the solution. Thus, at the 
platinised platinum electrode, in the presence of hydrogen gas, 
we have the equilibrium 2H* +2e =H. The position of this 
equilibrium determines the e.m.f. established between the elec- 
trode and the solution. 

The quinhydrone electrode consists of a bright-platinum wire, 
dipping into the solution containing hydrogen ions, into which 
is added the sparingly-soluble organic compound quinhydrone. 
This is a loose compound of the oxidation-reduction pair, 
quinone-hydroquinone, which we may designate Q and HQ, 
respectively. The equilibrium set up is Q+H* +e =QH. 

The e.m.f. developed depends upon the Q:QH ratio, which in 
turn is fixed by the hydrogen ion concentration in the solution; 
the sparing solubility of quinhydrone ensures that the solution 
is always saturated with respect to this compound. 

The antimony electrode consists of a rod of antimony metal, 
dipping into the solution. A film of the oxide Sb,O; on the sur- 
face leads to the equilibrium: Sb,O; + 6H* + 6e =2Sb + 3H,0. 
Again, the e.m.f. is a function of the hydrogen ion concentration. 
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Problems 


1. Outline experimental methods available for the potentiometric 
determination of pH, including both low and high impedance systems. 

2. The fundamental theory of most electrochemical measurements 
is based upon concepts of behaviour in very dilute solutions, whereas 
most practical industrial measurements are made upon relatively 
concentrated solutions. In the light of this, discuss critically the 
significance of both pH and conductivity measurements made in 
these concentrated solutions. 

3. Describe suitable apparatus, including circuit details, for the 
Measurement of electrode potentials. Discuss the difficulties in 
determining the absolute values and how these difficulties can be 
overcome, in the practical sense, by the choice of a suitable reference 
electrode. 

4. Describe experimental techniques suitable for measuring the 
dielectric constants of materials: (a) in the gaseous form; (&) in the 
liquid form; (c) solid materials in slab form. 

5. From measurements made on the dielectric constants, densities 
and refractive indices of dilute solutions of polar compounds in non- 
polar solvents, information regarding molecular structure may be 
obtained. Outline, with specific cases, the methods used and the 
assumptions made in obtaining this information. 

6. Dielectric constant measurements have been used in quality 
control, e.g. in the determination of moisture in grain, wood, etc. 
Describe suitable equipment for making these measurements. 
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Polarography 


Principles 
The technique of d.c. polarography is based upon the interpreta- 
tion of current-voltage curves obtained during the electrolysis of a 
solution under special conditions. In the polarographic cell the 
cathode consists of mercury falling in a regular series of small 
drops (about one every three seconds) from a glass capillary, into 
a pool of mercury which serves as an anode; the reason for this 
electrode system will be explained later. The basic arrangement 
is that of Fig. 12.1(a), and an idealised current-voltage curve is 
seen in Fig. 12.1(5); the step-height of this curve is proportional 
to the concentration of the species which is being reduced at the 
dropping mercury electrode (abbreviated to ‘d.m.e.’), and the 
half-wave potential V,,. is characteristic of this same species. 
As we increase the — ve potential of the cathode, by moving the 
slider in the direction AB, a small steady current flows until a. 
certain potential Vo is reached, when there is a sharp increase in 
the current; this continues until ultimately the limiting current 
iz, of the order of a few micro-amperes, is reached. The processes 
occurring at the cathode are complicated, but a simplified account 
may be given as follows. At a certain potential, applied e.m.f., 
or voltage, the ion being considered (e.g. cadmium Cd**) will 
commence to be discharged at the d.m.e., the resulting metal 
forming an amalgam with the mercury; for this and other reasons 
the potential at which deposition occurs in polarography is very 
different from the reversible metal-electrode/ion potential. When 
the drop falls it is carried down to the pool anode, and a fresh 
mercury surface appears. The reaction involving discharge of the 
ion which is one of reduction may be written: 


Cdt++2e > Cd 


As a result, the concentration of cadmium ions in a thin layer 
close to the drop (the depletion layer) falls, and in order to mini- 
mise the concentration gradient set up Cdt* ions will diffuse 
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Fig. 12.1. (@) Basic arrangement of polarograph: G, long-period gal- 
vanometer. (6) Idealised current-voltage curve for a single reducible 
species 
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into this layer (see Fig. 12.2); this movement of the charged ions 
is equivalent to a current flowing in the external circuit. The rate 
of diffusion of an ion, and the potential at which it is reduced at 
the d.m.e., under given conditions, are both unique properties 
of that species of ion; it is for this reason that an ion may be 
identified from its half-wave potential. By utilising the large 
overpotential at a mercury surface we are able to study the depo- 
sition of ions, such as those of the alkali metals, which would not 
normally be reduced in an aqueous solution. The dropping 
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Fig. 12.2. Diffusion of ions under the concentration-gradient at the mer- 
cury drop 


@ catt 1ONS 


mercury cathode presents a fresh surface to the ions so that diffu- 
sion and deposition take place under constant conditions. The 
limiting currents are so small that only minute amounts of the 
reducible species are deposited during electrolysis, so that sections 
of the curve may be repeated on the same solution. 

The rate of diffusion of the ions is a function of the concen- 
tration difference between the depletion layer and the bulk of the 
solution, and it will be a maximum when the ions are reduced as 
fast as they arrive at the d.m.e.; the concentration of ions at 
the surface of the drop is then zero, and this is the condition 
for limiting (i.e. maximum) current. The magnitude of this limit- 
ing current will thus depend upon the bulk concentration of the 
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ions; it depends also upon the viscosity and the temperature of 
the solution. From a practical point of view the concentration 
of the reducible ions may be obtained from a measurement of the 
step-height, but this is affected by other factors, such as size and 
rate of flow of the mercury drops. An equation has been derived 
by Ilkovict relating the limiting current to the concentration of 
the reducible species in terms of all the parameters; usually, 
however, a calibration curve of step-height against concentration 
is prepared for quantitative analysis. 


znt +2¢ —>Zn 


CURRENT pA cd’ 2e —»ca 


APPLIED E.M.F. 
OR POLARISING VOLTAGE 


Fig. 12.3. (a) Idealised current-voltage curve for two reducible species 


We have so far assumed that the ions move only under the 
influence of the concentration gradient, but of course migration 
under the effect of the applied field (that is, normal ‘transport’ 
of ions) will also occur. To minimise this effect, a base solution 
or base electrolyte is used, which provides a large excess (at 
least twenty-fold) of some ‘neutral’ ion, i.e. anion which does not 
react with the test ion, and which is not reduced in the same e.m.f. 
range. The ‘neutral’ ions will carry the bulk of the current but 
since they are not reduced, there will be no concentration 


+ Ilkovic (1938). J. Chim. Phys. 35, 129. 
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gradient of this species at the electrode, and hence no diffusion 
current. The choice of a suitable base electrolyte—which may 
have other roles than the prevention of migration currents (e.g. 


REDUCTION OF 
NICKEL AND ZINC 


APPLIED E.M.F. VS. MERCURY POOL 
Fig. 12.3. (6) Actual curve for Nit* and Znt+ 


the complexing of undesirable reducible species)—is a matter of 
considerable chemical knowledge and familiarity with polaro- 
graphy and reference should be made to the standard textbooks.f 

The method may be applied to solutions containing more than 


t See, for example, Kolthoff and Lingane (1952). Polarography, 2nd 
edition, 2 vols. Interscience. 
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one reducible species, provided their half-wave potentials can 
be resolved by the instrument in use. An idealised curve for two 
cations is shown in Fig. 12.3(a). The practical curves obtained 
on a recording d.c. polarograph are similar in shape to the 
idealised curves but the line is not smooth; this is illustrated in 
Figs. 12.3(b) and 12.4. The oscillations are inherent in the nature 
of the dropping mercury cathode; the area varies from zero, to a 


REDUCTION OF OXYGEN 


CURRENT 


APPLIED E,M.F, 
Fig. 12.4. Practical d.c. polarogram—undamped 


maximum value immediately before fall-off, and the current at 
any particular e.m.f. will also vary from zero to a maximum; 
the galvanometer will attempt to follow the excursions, and 
because of its long period it will produce the type of record 
shown. This causes certain difficulties in determining step- 
height, and a standardised procedure must be adopted. It is 
possible to modify the curve by use of a variable capacitor in 
parallel with the galvanometer, which damps its movement; 
the result is shown in Fig. 12.5. Whilst curve (6) shows smaller 
oscillations, a certain degree of resolution has been lost. 
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CURRENT 


(a) UNDAMPED (B) DAMPED 


APPLIED E.M.F. VS, POOL ANODE 
Fig. 12.5. (@) Undamped curve: Pb**+ and Cdt*. (6) Effect of damping 


In addition to the diffusion and migration currents, other 
parasitic currents and effects exist, which may lead to incorrect 
results being obtained. It cannot be emphasised too strongly that 
the interpretation of a polarographic curve requires a good 
knowledge of the physical chemistry involved in the reaction 
processes. 


Instruments 

A number of d.c. polarographs are available commercially. The 
simplest instruments are based entirely on the circuit of F ig. 12.1, 
where the polarising potential is applied by a calibrated poten- 
tiometer and the current read off directly from the galvanometer : 
the polarographic curve is plotted manually. The natural 
development of the simple instrument was to record the curve 
automatically, and indeed the name polarograph was coined by 
Heyrovsky for the first photographically recording instrument 
using a dropping mercury electrode system. This instrument is 
shown schematically in Fig. 12.6+ 


t The Model XII Sargent Polarograph (E. H. Sargent, Inc., Chicago, 
Ill.) is based upon the original Heyrovsky instrument. 
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The applied e.m_f. to the cell is varied by means of the precision 
rotating potentiometer and the current flowing detected by a 
moving-coil reflecting galvanometer. The reflected light spot 
falls upon the slit in the external recorder drum, which is fixed ; 
the internal drum, around which photographic paper is wrapped, 
is driven from the potentiometer directly or via a gear train. The 
next development was to eliminate photographic development by 
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Fig. 12.6. Heyrovsky photographic-recording polarograph 


the use of a pen recorder, by no means a simple extension. It 
must be remembered that the d.c. currents produced are only 
a few tens of microamperes and that such currents would not 
directly operate available recorders. Consequently, once again 
the question of d.c. amplification arises, and the manufacturers 
of commercial instruments have developed a number of different 
stable d.c. amplifiers based upon conventional principles. In the 
section dealing with infra-red spectrometers various photo- 
electric devices are described (p. 356), and one British polaro- 
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graph} makes use of a photo-electric amplifier. Fig. 12.7 shows 
the basic circuit of the instrument. 

The photo-cell is of the caesium cathode (red-sensitive) photo- 
emissive type (p. 175); light from a low-power light source, which 
is run well below its rated voltage to prolong its life, falls on the 
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Fig. 12.7. Tinsley polarograph—basic circuit 


mirror of the galvanometer and thence to the cathode of the 
photo-cell. The polarising voltage is applied by a motor-driven 
potentiometer which is coupled to the chart drive of a pen re- 
corder. The resulting polarographic current produces a deflection 
of the mirror, and alters the position of the light spot; hence the 


+ The Tinsley Polarograph of Evershed and Vignoles Ltd., Chiswick, 
London, W.4. 
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intensity of illumination of the photo-cell cathode changes, and 
the cell resistance alters. The photo-cell forms part of resistance- 
capacitance circuit in the grid of a thyratron (p. 95), fed with an 
alternating voltage V,; at both grid and anode; their relative 
phases depend upon the component values (Fig. 12.8). If Reis the 
equivalent resistance of the photo-cell, the current J, is given by: 


— Ve awe 
~ /[RE+ (1 /@C)’] 
la 


I, 


Fig. 12.8. Grid-circuit of thyratron 


and leads Vz by the phase-angle ¢, defined by tang = 1/wCRz. At 
high illumination intensity, Rz is comparatively small; J, is large, 
but ¢ is also large. At low illumination, Reis large, J, is small, and 
¢ is small. The voltage across the cell is J, Rz ; hence the illumina- 
tion on the cell controls the amplitude and phase of the voltage 
applied to the thyratron grid. From our previous consideration 
of the thyratron it is evident that only when the grid exceeds the 
striking potential during a positive anode half-cycle will the tube 
strike; the thyratron output is thus pulsating, varying in ampli- 
tude with the illumination on the photo-cell. 
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The output is amplified, using heavy current-negative feedback, 
to stabilise the gain and reduce the input resistance. The input 
resistance of the measuring device must be kept as low as possible, 
to prevent part of the voltage applied to the electrodes from being 
lost; voltage negative feedback would result in increased input 
impedance. A quantitative example illustrating the effect is 
given in the appendix (p. 308). 

Thus this circuit employs photo-electric amplification followed 
by thyratron rectification and amplification with current nega- 
tive feedback, which produces sufficient power to operate a chart 
recorder without reducing the polarising voltage at the electrode 


system to any appreciable extent. 
Ip 
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Fig. 12.9. Waveforms produced by shunting the recorder by a large 
capacitor C 


It has already been mentioned that the trace which is obtained 
is a fluctuating one due to variation in the area of the drop. 
Inflections in the polarogram may be masked by these ‘noise’ 
variations, and a means of discriminating against this must be 
sought. One way of doing this is to place a large capacitor C in 
parallel with the moving coil recorder R (see Fig. 12.9). When the 
cell current, which consists of slowly-varying and rapidly-varying 
components (the electro-reduction component and the drop 
component, respectively), is applied to the capacitor-shunted 
recorder, the drop component is effectively short-circuited, 
leaving the electro-reduction component across the recorder, so 
that it responds to this component alone. 
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The polarographs so far mentioned have had a dropping 
mercury cathode as the polarisable electrode, and a mercury-pool 
anode as the non-polarisable electrode; in practice, many varia- 
tions of this electrode system exist. For instance, the mercury 
pool anode is unsatisfactory for accurate work, and is often 
replaced by a calomel electrode. Since the total resistance of the 
polarographic cell is of importance in virtue of the ‘IR’ drop 
across it, the calomel electrode used should have a reasonably low 
resistance—which is not true of all commercial calomel electrodes. 
An H-type cell of low internal resistance is shown in Fig. 12.10(a). 
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Fig. 12.10. (a) H-type calomel reference electrode. (6) Solid micro-electrode 


The curves obtained are similar to those with the pool anode 
but the half-wave potentials will have different numerical values; 
care should be taken to ensure that the values obtained from 
tables are those relevant to the non-polarised electrode used. For 
certain purposes small solid micro-electrodes have been used 
(Fig. 12.10(6)) as polarisable electrodes. These are generally 
made of the noble metals gold or platinum and are often rotated 
by an electric motor at speeds of about 1000 r.p.m. According to 
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Heyrovsky this is not true polarography, but textbooks on this 
subject generally devote a section to the rotating micro-electrode. 
The process occurring at the polarisable cathode is one of 
reduction, but it is possible to study oxidation processes by 
reversal of the electrodes, so that the polarisable electrode is now 


CURRENT 


ANODIC 
OXIDATION 
OF CT ION 


APPLIED E.M.F. VS.MERCURY POOL 
Fig. 12.11. Anodic oxidation of Cl~ ion 


the anode. For example, in Fig. 12.11 the anodic oxidation of Cl- 
is shown, M/10 potassium nitrate being the base electrolyte. The 
working range however is limited by the anodic dissolution of 
mercury, which takes place at +0-5 V. The platinum micro- 
electrode enables this range to be extended. 
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Residual or Charging Currents 

Mention of interfering non-polarographic currents has already 
been made, and the residual current ofa pure solution of support- 
ing electrolyte is made up mainly of the condenser or charging 
current. This is due to the effect of the double layer at the elec- 
trode, i.e. the layer consisting of the negative charges on the 
drop and the positive ions in the solution close to the drop. This 
is equivalent to the setting up of a capacitor which must be charged 
with the formation of each drop, thus leading to the term 
‘charging’ or ‘capacitor’ current. The magnitude of this current 
places a limiting value on the sensitivity of the normal polaro- 
graphic technique, because it interferes with waves due to small 
concentrations of reducible species. When working with small 
concentrations it is necessary to use the galvanometer at maxi- 
mum sensitivity, and under these conditions the residual-current 
slope is large and masks the waves. A number of circuits to 
minimise this interference have been devised and fitted to com- 
mercial instruments; that to be described is due to Ilkovic and 
Semerano.f A current of equal magnitude but opposite in 
direction to the residual current is sent through the galvanometer 
(see Fig. 12.12). 

It is necessary that the residual current, which varies in an 
approximately linear manner with applied e.m.f., should be 
balanced out at all values of the e.m.f. That portion of the poten- 
tial drop across the galvanometer due to the residual current must 
be zero, which is the case if the potential drop across R; is equal to 
that across R>. If i, is the residual current, this p.d. is i,R3; if 
E, is the applied e.m.f., the drop across R; is 


R, ) 
E,.(g + Ro 


peo. R, 
i, R; = E..(gv x) 


so that 


Now R, must be relatively large in order that the e.m.f. applied 
to the cell should not be affected to any great extent by its intro- 
duction, and R; is larger than the relatively small R,. The actual 


t Collection Czechoslovak Chem. Comm., 1932. 
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resistance values have to be chosen by trial and error; the de- 
signers of the circuit found that with R, = 1000 Q, R, = 10 Q 
and R3; = 75 Q, good compensation was obtained. 


POLARISING POTENTIOMETER 


Fig. 12.12. Circuit to reduce the effect of residual currents: G, galvano- 
meter; C, polarographic cell 


Differential and Derivative Polarography 


The determination of small concentrations of one reducible 
species in the presence of large concentrations of a more easily- 
reduced species presents difficulty; the very large wave produced 
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by the latter species tends to mask the small wave due to reduc- 
tion of the former species. The polarogram for the reduction of 
Cu and Cd, as shown in Fig. 12.13, illustrates this point. Experi- 
mental methods have been developed to overcome this difficulty, 
namely differential and derivative d.c. methods; a.c. techniques 
have also proved useful in this connection. 


CURRENT 


APPLIED E.M. F. 
Fig. 12.13. Polarogram of Cutt —Cd*+ reduction 


(i) Differential polarography. This was originally devised by 
Semerano and Ricobonit and an outline of the circuit is given 
in Fig. 12.14. C,, C, are two polarographic cells with identical 
dropping electrodes. C, contains the sample under investigation, 
and C, the base electrolyte only. The galvanometer G records 
any difference in the potential drops across R; and R,, and thus 
the currents flowing in the cells C,; and C,. The two dropping 
electrodes should be identical even to the extent of having 
synchronised drops, but this is very difficult to achieve practically ; 


t Gazzetta Chem. ital. 72, 297 (1942). 
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the resistors R; and R, may be used to ‘trim out’ the effects due 
to small departures from the ideal. The polarising e.m.f. is 
adjusted until a large diffusion current is obtained from the 
most easily-reduced species, i.e. the interfering ion present in 
excess. A solution of this interfering species is then added to C, 
until the galvanometer reads zero. The galvanometer sensitivity 


POLARISING 
POTENTIOMETER 


R4 


Fig. 12.14. Differential polarograph—basic circuit 


may now be increased, and the whole polarogram recorded; only 
the wave due to the minor component will appear. 

(ii) Derivative polarography. Many circuits have been devised 
for derivative polarography, and the single-electrode circuit of 
Leveque and Rothf will be described in outline; a diagram 
representing the circuit is given in Fig. 12.15(a). 

Essentially a high-value capacitor C; (2000 uF) is in series with 
the galvanometer, so that the latter records only the rate of change 
of potential drop across R,. Thus the rate of change of current 


+ J. chim. phys. 46, 480 (1949). 
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Fig. 12.15. (@) Derivative polarograph. (6) Typical derivative curve 
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flowing in the cell is obtained ; C, prevents the flow of a constant 
current, forming with the galvanometer resistance R, a differen- 
tiating circuit (p. 320). The galvanometer remains undeflected 
before and after the ordinary d.c. ‘step’, but gives a maximum 
deflection at the half-wave potential. In Fig. 12.15(5), an idealised 
derivative curve is shown, in which the peak heights are pro- 
portional to the concentrations of the various reducible species. 


RECORDER 


Fig. 12.16. Tinsley d.c. polarograph: circuit for derivative polarography 


In the circuit of Leveque and Rothf the resistors R,; and R2 
control the galvanometer sensitivity, and capacitor C, is the 
usual damping capacitor for the galvanometer. It can be shown 
that if i. is the current through the galvanometer, and i, the cell 
current; i, = C, R,.di,/dt.(1—exp[—t/RC,]), where 

R oe! R; +R,+R, 
If the time constant RC, is small this approximates to 

iy = Ci R,.di,/dt 

t J. chim. phys. 46, 480 (1949). 
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The values of R and C, are carefully chosen so that the peak 
of the derivative curve approximates to the half-wave potential. 
It can also be shown that the maximum value of i, is dependent 
upon dE/dt and the sensitivity can be varied by altering the rate 
of application of the polarising potential. For this reason if 
reproducibility is sought, it is necessary to apply the polarising 
potential via a motor-driven potentiometer of constant speed. 

The Tinsley d.c. polarograph already described (p. 293) has 
facilities for producing derivative polarograms; the basic 
derivative circuit is shown in Fig. 12.16, where Cp and Rp are the 
derivative capacitor and resistor. 


A.C. Polarography 


The development of alternating-current polarography has been 
fairly rapid since its introduction some 15 years ago by Breyer. 
A small low-frequency alternating voltage of about 50-60 c/s 
and 5-30 mV r.m.s. is superimposed on to the direct polarising 
potential applied to the dropping mercury electrode; the basic 
circuit is shown in Fig. 12.17(a). The section within the dotted 
lines is similar to the normal d.c. circuit except that the small 
a.c. component is injected as shown, and the conventional 
galvanometer is replaced by a dropping resistor. The magnitude 
of the voltage drop across this resistor is directly proportional 
to the current flowing in the polarographic cell. The d.c. compo- 
nent is filtered out by the blocking capacitor, and the a.c. 
component amplified and measured. Fig. 12.17(b) shows the 
type of curve obtained where the direct polarising voltage E 
applied to the dropping electrode is plotted against the alter- 
nating current i flowing in the cell circuit. 

The summit potential Z, corresponds to the usual half-wave 
potential of the reducible species and the peak height is propor- 
tional to its concentration. It is found that only reversible elec- 
trode processes give this well-defined wave. The Cambridge 
polarograph with Univector unit{ is an instrument working on 


{+ Breyer, B. and Gutmann, F., Austr. J. Sci. 8, 21 (1945); 8, 163 
(1946); Trans. Farad. Soc. 42, 645, 650 (1946); 43, 685 (1947); Farad. 
Soc. Discussions 1, 19 (1947). See also Malayan Pharm. J. 5, 116 (1956) 
(Royal Institute of Chemistry, Malaya Section, monograph). 

{ Manufactured by Cambridge Instrument Co. Ltd., Grosvenor Place, 
London, S.W.1. 
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these principles. An alternating voltage, applied to the polaro- 
graphic cell, results in two current-components: one an in-phase 
resistive current, representing the discharge of the reducible ion, 
the other a capacitive current representing the charging of the 
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Fig. 12.17. @) A.C. polarograph—basic circuit 


double layer at the drop surface. This current, which is consider- 
ably larger than the resistive current, is in phase quadrature with 
it, so that a phase-sensitive detector may be designed to separate 
the two. The ‘stray’ series resistance in the circuit, e.g. solution 
resistance, instrument resistance, etc., which also produces an 


305 


LABORATORY AND PROCESS INSTRUMENTS 


in-phase component, is compensated for by feeding-back a 
portion of the current output. 


Fig. 12.17. (6) Typical current-voltage curve 


Cathode Ray Polarographs 

A number of polarographs are available commercially which 
make use of the properties of the cathode ray oscilloscope; this 
section of the subject is usually called oscillographic polarography. 
In addition the so-called square-wave polarograph is now firmly 
established as an extremely sensitive instrument. 

A review of the principles underlying oscillographic polaro- 
graphy was made by Randlesf and a circuit was described by 
Airey. Use is made of the ability of a cathode ray oscilloscope to 
follow rapidly changing currents. Consider a micro-electrode to 
which a potential sufficient to produce reduction is applied, so 
that reducible ions are removed from the layer in contact with 
the electrode. A current will be produced due to ions flowing in 


+ Analyst 73, 1263 (1947). 
$ Analyst 72, 301 (1947). 
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under the resultant concentration gradient, and proportional to 
this gradient; the diffusion current varies also with time. In 
practice a series of sweeps are applied at a late (and constant) 
stage in the drop life, so that the rate of change of electrode area 
is small. The sweep is provided by the charging capacitor C 
(Fig. 12.18). 

The starting potential of the sweep is controlled by the poten- 
tiometer Q, and the rate of charge by the variable resistor R). 
The sweep is terminated by the relay contact K short-circuiting C; 
the relay coil is operated by a trigger circuit of the multivibrator 


TO 
AMPLIFIER AND 


OSCILLOSCOPE 


Fig. 12.18. Cathode ray polarograph—basic circuit 


type. The trigger is impulsed from an amplifier the input of which 
is the p.d. across R,; the impulse arises because of the sudden 
change in cell current when the drop falls from the capillary. 
After a chosen delay time which is controlled by a resistor in the 
trigger circuit, another sweep starts; this ensures that the sweep 
is applied at the same stage in the drop life. The resulting outputs 
from AB and CD are amplified and applied to the cathode ray 
tube. The horizontal axis is the cell polarising potential, and the 
vertical axis the current flowing. Whilst this gives an outline of 
the type of circuit used it should be realised that much more 
complicated circuits are required in practice. 

The square-wave polarograph, developed by Barker and 
Jenkins at Harwell, is a complicated instrument but one which 
gives great sensitivity. In outline it resembles the a.c. instrument 
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in that a modulating voltage is applied to the cell in addition to 
the polarising voltage, but in this case square-wave rather than 
sine-wave modulation is used. The current flowing is measured 
only at the ‘step’ in the modulating voltage, at which time the 
charging component for the double layer capacity is negligibly 
small. The square-wave modulation is applied only during a late 
stage in the drop life, so that the area variation is small; the type 
of curve obtained may be seen from Fig. 12.19. 


CURRENT. 


POTENTIAL 
Fig. 12.19. Square-wave polarograph-—typical current-voltage curve 


NOTES 


The Application of Negative Feedback to the Polarographic 
Current 
Consider the block diagram of Fig. 12.20(a). 
Suppose the amplifier has an input resistance R; of 3 x 10° Q, 
and requires an input current J; of 1x 10~’ amp for the full 
output current J, of 20 mA into a load Ro of 1000 Q. 
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The current gain, 
I, 20x 1073 


le ie oe 


Now apply negative feedback across the feedback resistor R,, via 
the series resistor R, (Fig. 12.20(5)). 


() 
Fig. 12.20. (a) and (6) Feedback circuits 


For /,, the full output current to be produced, the effective 
input current of the amplifier, which is now J, and equal to 
I, — I;(where I; is the feedback current), must remain at 10—’ amp. 

Let Rp=1 Q and R, the series resistance be equal to the 
galvanometer resistance R,, i.e. 


R, = R, = 3000 Q, say 
Now 
I, Rr 
R,+ Ry, 
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Since 
I, = T;—I; (and R, = R,) 
cy pe oR 
=f OR, 
_ I, Ry 
fee oR 
Numerically, 
20x 10-3 x1 
- -7 = -74 2, —6 
I, = 1x1077+ 6x10! 1x 1077 +3-33 x 10 
= 3-43x 10-° amp 
: 20x 10-3 _ ig 
New current gain = aaseiGce 5-83 x 10 


The voltage drop across the amplifier terminals 
= V, = 1,R, = 1x10-7x3x10? = 3x10-* V 


Since 
I, = 3-43 x 10-6 amp 
oa 3% 10-* 
The effective input resistance = 3-43 x 1076 


i.e. approximately 87 Q. 

Thus, the feedback reduces the current gain from 20 x 10* to 
5-83 x 103, but with stabilisation as in the case of voltage feedback, 
and reduces the input resistance from 3 x 10° Q to 87 Q. 
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Problems 
1. Review the application of direct current and simple alternating 
current polarography to inorganic analysis. 
2. Describe and discuss the role of the base electrolyte and maxi- 
mum suppressors in polarography. 
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3. The theory underlying ‘oscillographic polarography’ differs 
from that of the more familiar direct current polarography. Discuss 
this theory and describe apparatus, including circuit details, suitable 
for making measurements using this technique. 

4. Write an account of the use of solid microelectrodes in polaro- 
graphy. 

5. Describe apparatus, including circuit details, for carrying out 
differential and derivative polarography. 
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Radioactivity Measurement 


Introduction 

In quantitative radioactivity studies, we are concerned with 
measuring the number of disintegrations of radioactive atoms in 
a known time interval. The nuclear disintegration is a true 
first-order process; if the number of atoms present at the com- 
mencement of observation, i.e. at time ¢t = 0, is mo, the number 
remaining after a period of time T (i.e. at t= T) is ny, where 
Ny = No.exp(—AT). A is the decay constant, characteristic of a 
given radioactive species; A covers a very wide range of values. 
If T is chosen so that nr is one half of no, t = T;)2, the half-life of 
the species; hence 


Np = No[2 = Mo.eXp(—AT4)2) 
or logy —log2 = log mo —ATi;2/2°303 
The decay constant A and the half-life are evidently related by 
Tip = 2-303 log 2/A = 0-6932/A 
Nand T,;2 values for a number of isotopes are listed in Table 13.1. 


TABLE 13.1 
Disintegration A 
Isotope process (sec~') Tip 
3H B 1:76 x 1079 12-46 years 
gBe 2a 6-93 x 1016 10—1° seconds 
Cc Bp 3-96 x 10772 5568 years 
32P B 5-7 x 10-7 14:3 days 
359 B 9-27 x 10-8 87-1 days 
40K B 1-68 x 1071” 1:3 x 10? years 
60CO By 4:25 x 1078 5:2 years 
sail By 1-00 x 10-6 0-8 days 
a17At a 3-85 1:8 x 10~? seconds 
aFr a 2-4x 1073 4-8 minutes 
26Ra a“ Y 1-38 x 107"! 1:6 x 10° years 
aagU a 4-9 x 10-8 4-5 x 10° years 
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From the equation 


Nr = Ny.exp(—AT), lognr = log —AT/2-303 


and the graph of logy (i.e number of disintegrations per unit 
time at t = T) against time T should be linear, of slope — 4/2-303. 
This is a good test of the homogeneity of the source; for a mixed 
source containing two species of differing A, the decay curve 
is shown in Fig. 13.1. 


COUNTS/TIME 


TIME 


Fig. 13.1. Decay curves of a mixed radioactive source 


Assuming a homogeneous source, if A or T;;2 is known, mo may 
be calculated from ny. Hence the determination of concentration 
of a particular species in a sample is resolved into counting the 
number of disintegrations within it, per unit time. This is quite 
analogous to the treatment of ‘first-order’ reactions in chemical 
kinetics. 

The primary disintegration products are: a-particles, or 
helium nuclei; 8~-particles or fast-moving electrons; 8* particles, 
or positrons, of electronic charge and mass, but positive in sign; 
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and y-rays, or short-wavelength X-rays. Examples of typical 
decay processes producing these are: 


238U*? —> 34Th” + a(4He?) 
60CO*’ —> goNi?* + B~ —> ggNi*® + 


the symbol * indicating that this is a nuclear-excited state of 
nickel, decaying to the nuclear ground state by y-emission. 


Na! ty xNe!® +pt 


The process of K-shell capture (the nucleus absorbing an electron 
from the inner shell of the atom) leads to longer wavelength 
X-rays (K-photons): 


esCu’ + e —> 6Ni?® + K-photon 


The interaction of these primary products with matter is the 
basis of their detection and estimation. Charged particles are 
detected by the ionisation produced by their passage through a 
gas. Both charged particles and y-rays may be detected by their 
photo-electric effect on a suitable medium, or phosphor. We shall 
deal with these two means of detection separately. 


Tonisation Instruments 

(i) The proportional counter. A mixture of gases is ionised by 
the incidence of primary charged particles, and a partial short- 
circuit is established between two electrodes in the gas. The 
resultant current flow develops a more or less sharp voltage pulse 
across the load resistor R (Fig. 13.2), and the number of such 
pulses in a given time is measured. 

The proportional counter (p. 190) is used for weak sources of 
radiation such as ,4C and 3H (tritium). The radioactive atoms 
may beintroduced into the chamber asa gas (14COz, 3H2), together 
with a diluent ‘flow’ gas, often a mixture of argon and methane. 
The essential feature of the proportional counter is the limited 
degree of gas amplification which takes place, so that the output 
pulse is proportional to the energy of the incident particle. 
However, this pulse is still comparatively small, and requires a 
high-gain amplifier, and a power supply unit of very high stability. 
It is probably true to say that, at present the usefulness of pro- 
portional counters is limited by the availability of suitable 
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Fig. 13.2. Proportional counter and load resistor 


ancillary equipment. A block diagram of the complete apparatus 

is shown in Fig. 13.3; typical plateau curves were shown in 

Fig. 8.14. The ‘head’ amplifier is maintained close to the pro- 

portional counter chamber, so as to minimise cable capacity. 
GAS 


MAIN 
AMPLIFIER 
107) CH, /A 
FLOW 
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Fig. 13.3. Block diagram of proportional counter circuit 


The gain and bandwidth of the main amplifier are both variable; 
circuit details are discussed on p. 327. The output feeds a counter 
unit, or scaler, in which the number of pulses is registered by 
dekatrons (p. 180) or other scaling circuits. 
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(ii) The Geiger counter. The Geiger—Miiller tube (p. 186) is the 
most generally used detector of radioactivity. The tube delivers a 
voltage pulse for each incident particle, of considerably greater 
amplitude than the pulse from the proportional counter; more- 
over, this pulse is of constant amplitude, irrespective of the inci- 
dent-particle energy. This arises because each particle causes an 
ionisation ‘avalanche’ throughout the tube. Since, however, it 
takes a certain time for the ion pairs to re-combine, a Geiger 
tube is inoperative for acertain period after it has fired, and it will 
not record pulses arriving during this quiescent period. The pro- 
cess of ‘recovery’ of a Geiger tube is indicated in Fig. 13.4. If the 
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TIME (not to scale) 


Fig. 13.4. Recovery time of the Geiger—Miiller tube 


time for which the tube is quiescent is T, seconds (‘the paralysis 
time’ of the tube) and the observed number of counts per minute 
is No, the corrected number of counts N is given by: 


1—NoT,/60 


T, is usually about 200 useconds, but varies with the age of the 
tube and the E.H.T. supply voltage; it is not a very definite 
quantity when determined solely by the Geiger tube. Usually 
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therefore, the tube is ‘quenched’ by the output pulse of a quench 
unit (p. 323), for a constant time 7, (‘quench time’), which is 
usually made 400 pseconds. 

We then have: 


No = No 1 
1—(4x10-4N)/60 16°67 x 10-* Ng 


N= min7 


The importance of this correction may be seen from the 
following table: 


TABLE 13.2 
(T, = 400 useconds) 
No N No N 
(min-') = (min~") (min ~!) (min~!) 
300 301 10,000 10,720 
1000 1007 20,000 23,000 
3000 3061 30,000 37,500 


The action of quenching agents, such as organic compounds or 
halogen molecules, within the tube, has already been discussed 
(p. 189). Halogen-quenched tubes generally operate at a much 
lower anode voltage than organically-quenched tubes, and as 
the halogen molecules are regenerated, their ‘life’ is not limited 
to about 10° counts. However, organically-quenched tubes have a 
longer, and rather flatter, plateau; compare the typical charac- 
teristics: 


halogen tube—370 V threshold; 100 V plateau; average slope 
0-1% per volt. 

organically-quenched tube-1500 V threshold; 300 V plateau; 
average slope 0:03 % per volt. 


(iii) The scintillation counter. This type of detector was used 
in the earliest investigations of radioactivity; the flashes of light 
produced when radiation impinged upon screens coated with a 
thin layer of zinc sulphide were counted. A great deal of research 
into phosphors has produced a variety of materials of varying 
decay time and efficiency of conversion of the incident energy 
into light; some of these are listed in Table 13.3. We may define 
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a phosphor as a material converting the energy of incident radia- 
tion into light of suitable wavelength for the operation of a 
photo-cell. 


TABLE 13.3 
Phosphor Emission peak Decaytime Efficiency 
(A) (usecond) 
Nal (thallium-activated) 4100 0-25 ~0-045, « 
~0:09, B 
Lil (europium-activated)f 4400 1-2 ~ 0-03, « 
~ 0-03, B 

ZnS (silver-activated) 4500 10 0:28, B 

Anthracene 4470 0-03 1-0f 

Stilbene 4100 0-006 0-45 

Tetraphenylbutadiene 3900/4300 0-005 0-35 
(in polystyrene plastic) 

a-Naphthylamine 3900/5600 0-003 0-17 
(soln. in xylene, 2 g/I.) 

Li-alkaline earth 3950 0-05-0-1 ~0:008, « 
silicate glass, ~0-004, B 
cerium activated. 

p-Terpheny! in toluene 3400/3700 0-003 0-43 
soln. 


+ Suitable for neutron counting, by means of the reaction: 
«Li?+ n° =,H'+ ,He® («-particle) 
t For organic phosphors, the conversion efficiency is usually quoted 
relative to anthracene, which has about half the efficiency of Nal; these 
phosphors have approximately the same «-f ratio. 


The solid phosphor is encapsulated ; in the case of hygroscopic 
materials such as sodium iodide, the crystal is coated with mag- 
nesium oxide and sealed with a transparent plastic coating in an 
aluminium capsule. The face of the capsule is coated with a sili- 
cone oil, and firmly attached to the ‘window’ ofa photomultiplier 
tube (p. 178) (see Fig. 13.5). Radiation causes the emission of 
flashes of light within the phosphor, which expel electrons from 
the photo-cathode; electron multiplication then occurs between 
successive dynodes. Each incident particle gives rise to a com- 
paratively large output pulse; the rise time is very short, so that 
high counting rates (up to 10’ per second) are possible. In 
conjunction with a typical pulse amplifier of about 40 db gain, 
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the photomultiplier may be operated at quite a low overall 
voltage—e.g. 750 V. The power-supply unit should be very stable, 
since the scintillation-photomultiplier assembly has a shorter 
plateau than a Geiger—Miiller tube. 


PHOTO - AMPLIFIER - 
MULTIPLIER DISCRIMINATOR SCALER 


FROM E.H.T. UNIT 
Fig. 13.5, Scintillation counter-block diagram. P, phosphor; S, optical 
coupling of silicone oil; C, photo-cathode 


Other Methods of Measurement 


Very early detectors of radiation made use of the blackening of a 
photographic plate or film on exposure to the source; this is 
essentially a method of integrating the amount (or ‘dose’) of 
radiation received over an interval of time. The method is now 
used in the auto-radiography of metal castings, and in assessing 
the dose received by a person exposed to radiation. 

For monitoring the dose of radiation received, film badges are 
generally worn in the lapel of the laboratory overall, or on the 
wrist; part of the film is covered with lead foil, so that the 
y-radiation component of the total dose may be measured. A 
service is maintained for the processing and evaluation of film 
badges.t 

Another portable radiation monitor is the pocket electroscope, 
or dosimeter. This is a small quartz-fibre electroscope, about the 
size of a fountain pen, which may be charged from a battery or 
other source; the fibre (or its image on a screen) is then observed 
to rest at the zero of a scale. Radiation causes ionisation of the 
gas in the electroscope, and the charge leaks away; the fibre thus 
moves towards the uncharged position. The leakage is a measure 
of the number of ion-pairs produced in the gas, so the scale may 
be directly calibrated in energy-dosage, or Réntgens; this unit 
is the amount of energy which must be absorbed by 1 c.c. of air at 
N.T.P. to produce 2 x 10° ion-pairs in this volume of the gas. 

+ The Radiological Protection Service, Sutton, Surrey. 
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Electronic Equipment 


Both the proportional counter and the Geiger—Miiller tube are 
high-impedance devices; for adequate power transfer, this 
impedance must be matched to the input impedance of the ampli- 
fier (p. 71) and this is achieved by a cathode-follower circuit 
(p. 142) in the probe unit. 

The amplifiers for use in connection with radioactive measure- 
ment are designed rather differently from those of Chapter VI, 
since they deal with discrete pulses rather than more or less con- 
tinuous waves. Now the passage of a voltage through a circuit 


~@ 


Fig. 13.6. (a) Differentiating circuit. (6) Differentiation of a triangular 
waveform. (c) Differentiation of a square waveform 


which contains both resistance and capacitance (i.e. through any 
practical circuit) introduces differentiation of the pulse with 
respect to time; hence, only a pure sine wave will pass through 
the circuit undistorted, since its differential, a cosine wave, is 
merely the original altered in phase. A ‘pulse’ consists of a rather 
large number of frequency components, of varying amplitude 
and phase, and hence suffers distortion, to an extent dependent 
upon the repetition frequency of the pulse, the sharpness of its 
rise and fall, and the time constant of the circuit to which it is 
applied. Consider the circuit of Fig. 13.6(a). Since 


i = CdVcldt, V, = iR = CR.dV.|dt 
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Now V; = V+ Vo, but if (RC) is small, compared with the period 
of the input voltage 


V;2V. and V, = CR.dV,/dt 


Thus, the output voltage is approximately equal to CR times 
the differential of the input voltage, and this is called a differ- 
entiating circuit, Its effect upon some input waveforms is shown 
at (b) and (c). Note that if the time constant CR is increased, 
the ‘spikes’ in Fig. 13.6(c) become broader, as shown by the 
dotted lines, revealing the exponential discharge of the capacitor 


(2) (6) 
Fig. 13.7. (a) Integrating circuit. (6) Integration of square waveform 


Interchange of C and R in the above circuit produces the 
integrating circuit of Fig. 13.7(a). If (CR) is large compared with 
the period of the input voltage, 


1 . 1 
Vi;= Vp and Vo=& | id= oR [ Va.ae 


, 1 
Vi= VatVo, Le. Vo = CR | Vat 


So that the output voltage is the time integral of the input voltage, 
as shown at Fig. 13.7(6). 
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Applications of these circuits. The voltage pulses obtained in 
nuclear measurements vary according to the detecting element 
used; typical pulses from a Geiger—Miiller tube, and from a 
scintillation counter, are shown in Fig. 13.8. The random nature 


Ve, 
VOLTS 
ry t 
—> — 
O-l— 1-0 psec, TIME -—> 
G.M. Counter Scintillation counter 


Input pulses to scaler with large time constant 


Fig. 13.8. Output pulses of Geiger-Miuller tube and scintillation counter 


of the disintegration process produces a train of pulses such as 
that of Fig. 13.9(a), which is reduced to the orderly single-ampli- 
tude system of Fig. 13.9(6) by passage through a differentiating 


(6) 
Fig. 13.9. The differentiation of a random pulse train 


circuit. A very short time constant CR gives high resolution, but 
pulse amplitude is lost, and the signal-to-noise ratio reduced. 
The amplifiers used in nucleonic measurement include a differ- 
entiating circuit, usually with a variable time constant; this circuit 
also reduces low-frequency ‘noise’, and in fact fixes the lower 
limit of the amplifier frequency bandwidth. 
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In principle, each R-C coupled stage of the amplifier acts as an 
integrating circuit; however fast the leading edge of an applied 
pulse, it will rise exponentially according to a time constant 
R(C;+C;), where C; is the input capacitance to the next stage, 
and C, is the associated stray capacitance. This evidently sets 
an upper limit to the amplifier bandwidth, and this may also be 
made variable by alternative RC circuits. 

Some of the more important items of electronic measuring 
equipment used in radioactivity measurement will now be dealt 
with briefly. 


Quenching Probe 

The probe usually consists of a cathode-follower circuit, mounted 
close to the Geiger—Miiller tube, reducing the loading of the 
cable connections to the amplifier. To fix the quiescent period of 
the tube, and to eliminate spurious pulses, the Geiger pulse may 


SMa’ 


H.T.~100V. 
Fig. 13.10. Geiger-Miiller quench circuit 


be arranged to trigger a pulse generator in the probe unit, pro- 
ducing a quenching pulse. In Fig. 13.10 the grid bias of V, is 
normally set just beyond cut-off. A positive pulse causes V; to 
conduct, and the fall in voltage across Ry (5 MQ) quenches the 
Geiger tube. The sudden fall in anode potential produces a posi- 
tive square-wave pulse at the anode of V2. The time constant for 
decay of the quenching pulse is generally fixed at 400 useconds. 
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Ratemeter 

The scaler records the total number of disintegrations in a given 
interval of time, whilst the ratemeter records the rate at which 
disintegrations are occurring at any instant. The ratemeter re- 
sponds rather slowly; it attains its final reading (within 1%) only 
after about 4 time constants. It is used to integrate the pulse 
output of a ‘kicksorter’ (p. 331), and its output may be applied 
to a pen recorder; otherwise, its main use is in monitoring appa- 
ratus and equipment for radioactive contamination. The block 
diagram of a typical ratemeter is shown in Fig. 13.11. 

The input pulses from the Geiger—Miiller tube are amplified 
and shaped, before being used to trigger a Kipp relay circuit, of 
the type shown in Fig. 13.12(a). In the quiescent state V2 is cut 
off by the heavy negative grid bias voltage; the grid of V; is at 
earth potential and the capacitor C, is charged to H.T.*. A 


Fig. 13.11. Block diagram of ratemeter 


negative input pulse cuts-off V; and switches on V2, by a mecha- 
nism similar to that of the multivibrator (p. 167), and the circuit 
is insensitive to further pulses in this state. The circuit returns to 
its original condition by the recharging of C, in a time determined 
by the R,C, time constant; the circuit thus provides a series of 
uniform output pulses for all input pulses of sufficient amplitude 
to trigger it. Some of the waveforms are shown in Fig. 13.12(6). 

The standardised output pulses are applied to a diode pump 
circuit, shown in outline in Fig. 13.13. The capacitor C, is small 
so that it charges completely from each pulse. This charge is 
drawn from the H.T. supply and is ‘pumped’ through diode d, to 
the reservoir capacitor C,, which is made sufficiently large for 
the potential at the anode of d, to remain practically constant 
throughout the pulse. The charge on C, leaks away through an 
integrating circuit of variable resistance R; the potential across 
the capacitor decreases until the decay rate just balances the 
charging rate, and this potential is recorded on a voltmeter cali- 


324 


— CHT. —-lOOV, 


LEADING EDGE TRAILING EDGE 
(d) 
Fig. 13.12. Kipp relay and waveforms 
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brated in pulses per second. If the pulse amplitude is V volts, and 
the potential difference across the reservoir C is v, the charge 
transferred per pulse = C,.(V—v). Hence the current through 
R=v/R=n,C,V—v), where n, pulses arrive per second at C,. 
Hence 
oe R.n, C,.V 
~ 14n,C,.R 


so that v is linearly related to n, for V>v. The diode pump 
capacitor C, is pre-set according to the count-rate corresponding 
to full-scale deflection, i.e. according to the sensitivity required. 
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Fig. 13.13. Diode pump circuit 


With the effective value of C, = 25uF, the integrating resistor 
may have values of 40 KQ, 200 kQ and 1 MQ, to give time con- 
stants of 1, 5 and 25 seconds respectively, and the meter reading is 
the average rate over these periods. The output current of the 
integrator may be used to operate a pen recorder, and an aural 
indication is often provided by feeding part of the generated 
pulse to a loudspeaker. 

The ratemeter smooths out statistical variations of counting 
rate over a period of about four times the time constant 7, so that 
t should be chosen as large as is convenient. 
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Pulse Amplifiers 
The pulses from the various nuclear detectors differ considerably 
in amplitude, width and rise time; a general-purpose pulse 
amplifier thus requires the following characteristics: 


High gain—up to 10° for the smallest pulses. 

Wide bandwidth—a series of pulses, 1 usecond wide, corresponds 
to a signal frequency of 1 Mc/s. 

Low input capacity, and low level of ‘noise’ in the first stage— 
always of great importance in a high-gain amplifier. 

Output voltage in the range 5-50 V, according to the input- 
pulse amplitude; this output is suitable for the operation of 
the pulse analyser. 

Variable time constants for the differentiating and integrating 
circuits. 

MAIN AMPLIFIER 


TIME. RISE TIME 
DIFFERENTIATING INTEGRATING 1 
Circuit CIRCUIT ' 
i 


Fig. 13.14. Block diagram of typical pulse amplifier 


A block diagram of a typical pulse amplifier is shown in 
Fig. 13.14. The head amplifier is essential for use with a propor- 
tional counter, but is replaced by a cathode-follower impedance- 
matching circuit for the amplification of pulses from a Geiger- 
Miiller tube or scintillation counter. The shaping of pulses by 
differentiating and integrating circuits has already been des- 
cribed (p. 320). 

As in the majority of instrument amplifiers, stability and linear- 
ity of response are obtained by the extensive use of negative 
feedback. Consider an amplifier of basic gain A, to which negative 
feedback is applied, so that the gain is reduced to B by return- 
ing a fraction 8 of the output in phase opposition. If A is 
large, B=1/B; changes in power-supply voltages, or in the 
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characteristics of components, which would produce a change 
of 5A in A are reduced by the application of negative feedback, 
so that a smaller change 8B occurs in the final gain B, where 


5B = (B/A).8A = 8A/AB 


This reduction-factor 1/A is called the feedback factor. 

If there are several stages of amplification, feedback may be 
applied in a number of ways. Consider an amplifier of n stages, 
each of inherent gain A; without feedback, the overall gain would 
be (ideally) A”. If feedback is applied to each stage, reducing its 
gain to B, the overall gain is now B’; alternatively, the feedback 
might be applied as a single loop from output to input, again 
reducing the overall gain from A” to B”. A change of 5A per stage 
producesan overall change, in the former case, of 8B =(B/A).ndA; 
in the latter case, of (B/A)".n5A. Since B/A is < 1, the latter case 
is evidently preferable; for example, with individual feedback, 
ifn = 2, A = 50, and B" (the overall gain) = 100, then B = 10, and 
an x% change in A results in 2 x 10/50.x = 0:-4x % change in B; 
with a single feedback loop, the change in B is 2 x (10/50)*.x, or 
0-:08x%. From this analysis, it is evidently better to include 
several stages within the feedback loop; the variation of gain and 
phase with frequency, however, modify this conclusion to some 
extent. The ratio of (high frequency gain): (low-frequency gain), 
and the phase shift of output voltage with respect to input, are 
shown as functions of frequency in Fig. 13.15, for a 2-stage 
amplifier. 

If the phase-angle ¢ exceeds 90°, the feedback has an in-phase 
component, and a damped oscillation, or ‘ring’, appears on 
the output pulse. A very useful circuit, in which these effects are 
minimised, is the ‘ring-of-three’ amplifier, illustrated in Fig. 
13.16. A cathode follower stage V3 couples the feedback from 
V, to Vi, producing very small capacity loading at V. anode. 
The d.c. loading is also small; if this were achieved by increased 
values of R, and R,, considerable individual feedback would be 
generated by V; (due to i, R,), and the overall stability would be 
reduced. The capacitor C,, improves the high-frequency stability 
by limiting the phase shift to 90°, and also maintains the feed- 
back factor practically constant up to the limit of bandwidth. 
With optimum adjustment of C,, a gain of about 100, at a band- 
width of a few Mc/s, is obtainable. 
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Fig. 13.15. Variations of gain and phase with frequency for a 2-stage 
amplifier with negative feedback 


Fig. 13.16. The ring-of-three amplifier 
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The H.T. supply to the ring-of-three amplifier is normally 
derived from a stabilised source (p. 107), but stabilisation of the 
low-tension (heater) supplies is also desirable for the maximum 
linearity. Connection of the circuit as in Fig. 13.17 may avoid 
this necessity; a rise in heater voltage lowers the anode voltage 
of V2, and this is fed back to the cathode of V;, resulting in an 


Fig. 13.17. Alternative circuit for eliminating the effects of heater—voltage 
: variation 


amplified decrease in anode voltage of V;. Since V2 screen is 
connected to this point, its potential V,, falls, and opposes the 
original rise of heater voltage. The small anode load R, enables 
a positive output pulse to be obtained. This method of stabili- 
sation is used in the I.D.L. amplifier.t This amplifier contains 
two ring-of-three circuits, with an overall maximum gain of 

+ Produced by Messrs. Isotope Developments Ltd., Aldermaston, 
Berks. Similar equipment is manufactured by Packard Instrument Co., 


Lagrange, Ill, and by Nuclear Measurements Corpn., Indianapolis, 
Ind. 
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10,000; 40 db of variable attenuation is provided. The bandwidth 
is 5 Mc/s, and a 5-50 V discriminator circuit is included (p. 332). 
The rise and fall time constants may both be varied. 

Very careful choice of the input valve, and design of the input 
stage, is necessary in order to keep the noise as low as possible; 
“grid-noise’, arising from the statistical fluctuation in the 
number of electrons ‘caught’ by the grids, is reduced by using 


H.T.= 
Fig. 13.18. ‘Cascode’ triode input circuit 


a triode valve. This advantage may be maintained together with 
the low input capacity of a pentode valve, by the circuit of 
Fig. 13.18, sometimes called the ‘cascode’ circuit. The C,,, 
capacities of the triode do not shunt the input circuit. 


Pulse Analyser or ‘Kicksorter’ 

Positive incoming pulses of amplitude from 5—SO V are accepted. 
By means of a variable bias voltage the amplifier is arranged 
to cut-off all pulses below a given threshold voltage. Thus, 
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considering the pulse train of Fig. 13.19, with the bias set to V,, 
pulses B, C and D will register ; if the bias is increased to V2 only 
C will be recorded. Alternatively, the analyser may be set to 
accept only pulses within a narrow band about a mean bias volt- 
age, both the bandwidth and the mean voltage being variable 
between limits. Thus, if the mean voltage is V; and the bandwidth 
dV, only pulses B and D will be recorded. 

The fundamental circuit of the analyser is the Schmitt dis- 
criminator, shown in Fig. 13.20. If R, is small and the bias is set 
to cut off V;, V, conducts; a positive pulse causes V; to conduct, 
and a positive pulse appears at the anode of Vp. 


BIAS 
VOLTAGE 


t 


Fig. 13.19. Effects of bias on a train of pulses of varying amplitude 


If R; is increased, eventually the circuit ‘triggers’, and con- 
duction of V; causes V2 to cut off. With further increase of R;, 
the circuit acquires electrical backlash, i.e. the transition from 
V;-conducting to V2-conducting occurs at a grid voltage E, 
(bias + pulse), whilst the reverse change occurs at a grid voltage 
E,; E,> E,. In this way, an input pulse with superimposed 
‘noise’ gives only one output pulse (Fig. 13.21). For short-dura- 
tion pulses, the input capacitance C; of V2 causes its switching-off 
- to be relatively slow, and a capacitor Cis included to speed up the 
response: CR; = C; Ro. 

The lower limit to the threshold voltage with a normal Schmitt 
discriminator is 5 V. The pulses within the given channel may be 
integrated by a ratemeter (q.v.) and the output applied to a 
pen recorder. The chart drive may be arranged to scan the mean 
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Fig. 13.20. Schmitt discriminator 
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Fig. 13.21. Removal of ‘Noise’ component from a pulse: (a) Signal pulse 
with superimposer noise pulse; (6) Output pulse using backlash; (c) 
Output pulse with no backlash 
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bias voltage, so that an energy spectrum is obtained (Fig. 
13.22). 
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Fig. 13.22. Pulse Analyser spectrum 


Scalers 

The scaler records the total number of pulses which have been 
received, either from the Geiger—Miiller tube or from the pulse 
analyser, since the commencement of counting. The operation of 
dekatron and ribbon-beam tubes in scaling circuits has already 
been described (p. 180). Hard-valve scalers, which preceded these, 
may have a resolving time as low as 2-5 useconds. The basic 
scale-of-two circuit (often called the Eccles—Jordan circuit) is 
shown in Fig. 13.23. 

Normally V, is conducting, with a low anode potential and grid 
potential close to that of the cathode. V, is cut off by heavy 
negative grid bias. A negative input pulse via diode V, to the 
grid of V, rapidly drives V2 into conduction, and V; to cut off. 
The next pulse reverses these conditions. The capacitors CC’ 
offset the integration of the pulse by R, and the grid-to-earth 
capacities; they also operate as ‘memory’ capacitors, ensuring 
that the valves operate in strict succession. Thus the change-over 
from V; conducting to V2. conducting marks the first pulse, and 
this is indicated by the glowing of a neon tube connected to V; 
anode. 
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Fig. 13.23. Eccles—Jordan scale-of-two circuit 


Fig. 13.24. (a) Block diagram of decimal scaler 
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Any number of binary circuits may be connected in ‘cascade’ 
so as to form a counting scale of 2”. In order to obtain a decimal 
scale, ten stable states are required, and this scale is provided 
by four binary circuits, connected as shown in outline in Fig. 
13.24(a). The first three binary circuits operate normally, count- 
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Fig. 13.24. (6) Waveforms 


ing up to seven, including zero. The eighth pulse registers at 
the fourth binary, and applies a gating pulse to the second binary; 
thus the next pulse to this binary (i.e. the tenth input pulse) returns 
the fourth binary to the zero state, removes the grating from the 
second binary, and also applies an output pulse to the next 
scale of ten. The time disposition of these pulses is shown in Fig. 
13.24(b). 
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Problems 

1. Discuss the effects of (a) a differentiating circuit, and (6) an 
integrating circuit, on an input voltage of square waveform. What is 
the significance of these results? 

2. Compare the measurement of radioactivity by the Geiger- 
Miiller tube and by the scintillation counter, and show that pulse 
height analysis is feasible with the latter technique. 

3. Draw a block diagram (circuit details not required) of a rate- 
meter, and give an account of the operation of this instrument. 

4, Give a general account of the amplification and shaping of the 
train of pulses from a scintillation counter,with regard to stability and 
low ‘noise’, 
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Photometers and Spectrophotometers 


Introduction 
The application of colorimetric and photometric methods to 
chemical analysis has increased to a marked extent over the past 
few years. The phenomenon of the absorption of light is well 
known inasmuch as coloured solutions exist; all materials 
absorb light to some extent but the amount varies markedly with 
the wavelength. If ‘white light’ is incident upon the material and 
some wavelengths are selectively absorbed, the transmitted light 
will possess different characteristics from the incident light, i.e. 
it will be coloured; the colours of solutions are due to this effect. 
It is necessary to measure the ratio of the intensities of the 
incident (/)) and transmitted light (J) at a known wavelength. 
The logarithm of this ratio is called the optical density or extinc- 
tion, E, i.e. E = log Jo/I. Photometric measurements of solutions 
are based upon the validity of the Beer-Lambert law, which 
for monochromatic light may be expressed «=T.E/(cx]). 
Hence, the intensity J; transmitted by a thickness / of solution is 
I, = Ibe” “', where ¢ = molar extinction coefficient, c = concen- 
tration in g mol/l., / = path length through the solution, in cm. 
For a particular substance at a given wavelength eis a constant, 
and thus the degree of absorption is proportional to the concen- 
tration of the solution; this latter expression is one way in which 
Beer’s law is sometimes rather loosely stated. The testing of the 
validity of the Beer-Lambert law has attracted much attention, 
and it may be said to hold for ‘normal’ solutions. The law does 
not hold for ‘weak-electrolyte’ solutions in which the degree of 
dissociation changes with dilution and where the undissociated 
and dissociated forms have dissimilar absorptions, nor for solu- 
tions which scatter the incident light, e.g. colloidal solutions, 
turbid solutions, etc. It should benoted that the solvent may absorb 
at the same wavelengths as the solute; correction for this effect 
can be made. Practically, it is convenient to use two similar cells, 
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one containing pure solvent and the other solution, and to allow 
the same radiation to fall on both cells. The light transmitted by 
the solvent is taken as the incident light-intensity J) which falls 
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Fig. 14.1. Incident and transmitted intensities of radiation 


on the solute molecules in the solution, and the light transmitted 
by the solution is the transmitted light intensity 7 (Fig. 14.1). 
There are basically two methods which may be used to measure 
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the intensity of the transmitted light. In the first method, the 
radiation after passing through the cells is dispersed using an 
optical system and the resulting spectrum analysed, e.g. using 
photographic techniques. The second method, and the one 
described here, produces a beam of more or less monochromatic 
radiation which is allowed to fall upon the cells, and the decrease 
in intensity of the radiation measured. 

In the visible region of the spectrum such radiation may be 
produced in one of three ways. 

(i) Continuous radiation, i.e. ‘white light’, is produced from a 
tungsten filament lamp and an absorbing filter is used which will 
transmit a relatively narrow range of wavelengths. Examples are 
the usual gelatine or glass photographic filters, or the newer type 
of dielectric filters which transmit a much narrower band. 

(ii) A series of discontinuous bands of radiation is produced by 
certain discharge lamps, e.g. mercury or sodium lamps, and if 
such a source is used in conjunction with well-chosen filters nearly 
monochromatic light may be obtained. 

(iii) A monochromator, using either gratings or prisms and 
slits, may be used to obtain a very narrow band of wavelengths. 
This produces a relatively complicated instrument which is called 
a spectrophotometer; such instruments will be described later. 


Photoelectric Colorimeters or Absorptiometers 

Instruments of this type are commonly used in chemical and 
metallurgical analysis. They are frequently called ‘abridged 
spectrophotometers’, and generally consist of a light source of 


| | 
| 


Fig. 14.2. Single-photo-cell absorptiometer 


type (i) or (ii), with a colour filter, barrier layer photo-cell and 
galvanometer. The various types of instruments may be divided 
into two groups, the single-photo-cell type and the two-photo-cell 
type. An example of the former is shown diagrammatically in 
Fig. 14.2. 
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S is the light source, e.g. an 18 W gas-filled lamp run from 
accumulators or from a constant-voltage transformer. H is a 
spring-loaded shutter which returns to the ‘closed’ position 
when readings are not being taken, thus preventing fatigue of 
the photo-cell. It is also used to check the galvanometer zero. 
Radiations from the source pass through a heat-absorbing 
Calorex glass filter C, an adjustable diaphragm D, and a lens L 
which causes a parallel beam of light to pass through the colour 
filter F and specimen cell K. The transmitted light then passes on 
through a lens M, which forms an image of the lamp filament on 
the photo-cell N. 

The current produced by the photo-cell is indicated by the 
galvanometer G. In such an instrument two absorption cells are 
required, one for the solvent and one for the solution, which are 
placed alternately in the beam. The readings are made in terms of 
galvanometer deflections, which may be marked directly in 
optical density and/or percentage transmission. 

Perhaps the most frequently used absorptiometer in this 
country is the Spekker absorptiometer.f This is a two-photo-cell 
instrument, the outputs of the cells being fed in opposition to a 
galvanometer viaa shunt to prevent overloading. This method has 
the advantage of reducing errors which may be produced ‘by 
variation of the supply to the lamp. Fig. 14.3 is a diagrammatic 
representation of this instrument. 

In many ways the construction of the two-photo-cell model is 
similar to the single-photo-cell instrument already described. The 
compensating photo-cell receives light which has passed through 
a suitable colour filter (i.e. one having maximum transmission 
near the absorption peak of the solution) and an uncalibrated 
iris diaphragm with coarse and fine aperture controls; the indi- 
cating photo-cell receives light which has passed through a similar 
colour filter, a calibrated diaphragm and the solvent or solution 
in the absorption cell. When the photo-cell currents are equal, the 
galvanometer shows no deflection. The calibrated diaphragm is 
operated by a large drum marked in optical density; since the 
lens system produces an image of the filament on the photo-cell, 
there is no change in the area illuminated when the aperture is 
changed. 

In one method of operation, the calibrated aperture is set fully 

+ Manufactured by Messrs. Hilger and Watts Ltd., London. 


341 


LABORATORY AND PROCESS INSTRUMENTS 
open, i.e. to ‘density = 0’; the absorption cell containing the 
solution is moved into the beam and with the shutter held open the 
uncalibrated iris diaphragm is adjusted until the photo-cell 
currents balance each other, i.e. there is no zero deflection on the 
galvanometer. The absorption cell containing solvent is then 
moved into the beam, where more light falls upon the indicating 
photo-cell and a galvanometer deflection is produced. This is 
reduced to zero by decreasing the calibrated aperture and the 
optical density is read from the drum. This density is in general 
an arbitrary quantity, since in most cases a wide waveband is . 
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Fig. 14.3. Spekker double-photo-cell absorptiometer 


transmitted by the colour filter and Beer’s law is not strictly 
applicable. If, however, the tungsten lamp is replaced by a 
mercury lamp with suitable filters, monochromatic radiation can 
be obtained and Beer’s lawis applicable. An alternative procedure 
is to put the solvent cell into the beam with the aperture at an 
arbitrary setting, e.g. density = 1-0, and equalise the photo-cell 
currents. The solution cell is then put into the beam and the 
calibrated aperture increased to once again equalise the currents. 
A plot of drum reading against concentration, for the arbitrary 
solvent optical density, can be constructed for analytical use; 
this technique is somewhat more rapid where large numbers of 
samples have to be handled. The accuracy of measurement with 
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these instruments is largely determined by the stability of the 
photo-cells. In the authors’ experience errors are more fre- 
quently introduced by the lack of cleanliness of cells, filters, etc., 
than by instrumental variations. 


Spectrophotometers 


The spectrophotometer may be described as an instrument which 
measures the amount of light a substance transmits or reflects at a 
chosen wavelength. Since simple filters cannot give mono- 
chromatic light of variable wavelength it is necessary to use some 
form of monochromator. However, the available energy is often 
reduced by a factor of 1000 in passing through the mono- 
chromator, and consequently it is common practice to use the 
more sensitive photo-emissive cells as detectors. Even so the 
currents produced are very small and demand amplification; 
methods of doing this will be described later. It should also be 
noted that no photo-emissive cells are available at the moment 
which are sensitive to all wavelengths, and it is necessary to use 
two photo-cells, one of which is sensitive to the red end of the 
spectrum (6000-10,000 A) and the other to shorter wavelengths 
(the blue end of the spectrum). Photo-emissive cells normally show 
a very small current in the dark, due to thermionic emission at 
room temperature. This is called the ‘dark current’ and is of the 
order of 10~*-10~° amp; provision is made in the spectrophoto- 
meter for backing-off this current. If the range of such instru- 
ments is to be extended into the ultra-violet region of the spectrum 
the envelope of the photo-cell and the optics must be of quartz, 
since glass is opaque at these wavelengths. 

Several spectrophotometers are available commercially and 
in this account it is not possible to describe more than one or two 
in detail. The emphasis will be on non-recording visible and 
ultra-violet spectrophotometers since these are the instruments 
most commonly found in laboratories at present. There is a 
current interest in recording instruments for the visible and 
ultra-violet regions of the spectrum; these operate on the double- 
beam principle which will be described later (p. 359). 

It is convenient to classify these instruments according to the 
operational wavelength range, i.e. Class I, approximately 
4000-10,000 A, Class II, 1800-10,000 A; Class III, infra-red 
spectrophotometers. 
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Class I. The Unicamf SP350 uses a diffraction grating and 
slit as monochromator, giving a bandwidth of approximately 
350 A, or 35 millimicrons; there is sufficient energy available to 
operate barrier layer photo-electric cells. The working range is 
4000-7000 A. 

The Unicamt SP600 has a spectral range of 3600-10,000 A 
using a glass optical system and two vacuum-type photo-cells: a 


My), Mirror M,, Mirror F, Test cells 

Ms, 45 A, Light source 12 V, 36 W G, Test cell slide 
My, 5, B, To amplifier Hi, Lens 

Me 5 C, Red sensitive photo-cell I, Flint prism 
Ms 55 D, Blue sensitive photocell J, Adjustable slits 
Me 55 E, Dark current shutter 


Fig. 14.4. Optical system—Unicam SP600 


‘red’ cell for the range 6200—10,000 A and a ‘blue’ cell for the 
shorter wavelengths. The bandwidth of the instrument is about 
30 A, with maximum values of 100 A at the extreme of the range. 
A schematic diagram of the optical system is given in Fig. 14.4, 
where the path of the light beam can be clearly seen. A control 
altering the position of mirror M7 allows the light to fall on 
either the red or the blue photo-cell. 


t Manufactured by Unicam Instruments Ltd., Cambridge, England. 
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The output of the photo-cells is developed across a 1000 MQ 
load resistor, and since the change of p.d. across the resistor is the 
product of the current in amperes and the resistance in ohms, 
a very small current (10~° amp) will produce a change in p.d. of 
1V. The p.d. is applied to a single cathode follower d.c. ampli- 
fier and the amplifier output balanced by a potentiometer 
supplied by dry batteries, using a sensitive meter as detector. The 
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POTENTIOMETER 
Fig. 14.5. Photo-cell circuit-SP600 


potentiometer is calibrated in both percentage transmission and 
optical density; in outline the circuit can be regarded as that of 
Fig. 14.5. 

The tungsten source lamp and the valve heaters are supplied 
from the mains supply through a constant-voltage transformer 
or an accumulator. The system used, i.e. the null method, mini- 
mises changes in supply voltage. In use, the required wave- 
length and photo-cell are selected and the dark current of the 
photo-cell is backed off. The ‘solvent’ cell is put into the light 
beam, the potentiometer adjusted to 100% transmission, and the 
adjustable slit varied to give zero reading on the meter. (In 


12* 345 


LABORATORY AND PROCESS INSTRUMENTS 


practice, the ‘check’ position of the instrument switch automatic- 
ally selects the 100% transmission position on the potentio- 
meter.) The ‘solution’ cell is nowintroduced into the light beam; 
if absorption at the chosen wavelength occurs the intensity of the 
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Fig. 14.6. Typical absorption curve 


light falling on the photo-cell will fall, and the transmission- 
density control potentiometer must be adjusted for zero deflec- 
tion of the meter. A typical absorption curve is shown in Fig. 
14.6. 

Class II. (i) Visible and ultra-violet spectrophotometers. These 
instruments use optics which are transparent in the visible and 
ultra-violet regions. In practice, quartz or fused silica optics in 
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combination with mirrors or gratings in combination with 
mirrors are used ; a diagram of the optical layout of the Beckmann 
spectrophotometert is shown in Fig. 14.7. 

The light source S, which is either a tungsten-filament lamp (for 
the visible region) or a hot-cathode hydrogen tube (for the ultra- 
violet region), is focused on a double slit L bymeans of a conden- 
sing mirror M, and a plane mirror M2; the light passes through 
the lower part of slit Z (entrance slit), is made parallel by the 
collimating mirror M3, and falls upon the quartz prism P. The 


Fig. 14.7. Optical system—Beckmann spectrophotometer 


back surface of this prism is aluminised and the light is reflected 
back on to the collimating mirror and thence to the upper part of 
the slit Z (the exit slit). By varying the position of the prism about 
a vertical axis by means of a cam, light of a selected wavelength 
leaves the slit and passes through the absorption cell C on to a 
red- or blue-sensitive photo-cell D. 

In Fig. 14.8 (the Hilger ‘ Uvispek’), light from the source H is 
focused on the entrance slit S,, is collimated by the mirror M, 
and passes to the 30° prism P which is metallised on the back 
surface. After reflection the light is focused on to the exit slit S., 
and passes to the photo-cell D via the absorption cell C. In this 
particular instrument provision is made for changing to a glass 
prism for use in the visible region, which gives greater dispersion 
in this range. Fig. 14.9 is a diagram of the Unicam SP500; taken 
in conjunction with descriptions of the other instruments, this 
diagram is self-explanatory. 


+ Beckmann Instrument Corpn., Pasadena, California. 
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Fig. 14.9. Optical system—Unicam SP500 
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All the instruments described use a single photo-cell and rely 
on the constancy of the light source. The ultra-violet source (a 
hydrogen lamp) is usually supplied from a stabilised power pack, 
whilst the visible source (a tungsten lamp), is supplied from a 
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Fig. 14.10. (a) Measuring circuit, SP500 


large-capacity accumulator or stabilised mains supply. As in the 
instruments for visible-region operation described earlier, two 
photo-emissive cells are used as balance detectors, and amplifica- 
tion of the output signal is necessary. One again potentiometer 
principles are used. As an example the Unicam SP500 system is 
shown in Fig. 14.10; (a) is a diagram of the measuring circuit, 
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and (5) is a simplified diagram of the amplifier. The photo-tube 
current is measured by balancing the voltage drop across the 
2000 MQ resistor, (R2), after amplification by the two DAF91 
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Fig. 14.10. (6) Simplified diagram of amplifier, SP5S00 


Fig. 14.10. (¢) Optica double-beam spectrophotometer 


valves, by means of a slide-wire potentiometer (R,3), calibrated 
in percentage transmission and in optical density. A sensitivity 
control allows variation of the transmission scale sensitivity, 
which permits the use of a wide range of predetermined spectral 
bandwidths. 
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As mentioned earlier there is considerable interest in an 
instrument which automatically plots the absorption curve on a 
chart recorder. Several such instruments are availablein Americat 
and British instruments are now coming into the market.{ The 
one described below, the Optica CF4,§ differs from most others in 
that a plane diffraction grating is used as the dispersion element 
thus providing almost linear dispersion. A schematic diagram 
is shown in Fig. 14.10(c). 

A sliding lamphouse A allows the choice of a hydrogen lamp B, 
or a tungsten lamp C, as source unit. The light passes via a filter D 
through the slits E on to a collimating mirror F, and to the grating 
G, which is slowly rotated. After dispersion the light beam is 
reflected into the ‘double-beam portion’ of the instrument. The 
double beam is achieved by use of rotating mirrors HH and fixed 
mirrors JJ, the light passing alternately through reference cell K 
and test cell Z, and finally into a photomultiplier M which is 
used as detector. 

(ii) Infra-red spectrophotometers. The general principles in- 
volved in the construction of infra-red spectrophotometers are 
similar to those of visible and ultra-violet instruments; a source 
emitting in the infra-red region sends a beam through a mono- 
chromator, which selects the desired wavelength, and the trans- 
mitted intensity is measured by a detector sensitive to this wave- 
length. || 

The source consists of an incandescent solid, usually operated 
without an envelope (since the common envelope materials 
absorb in this region); the usual sources are the Nernst filament 
and the ‘Globar’. 

The Nernst filament is a semiconductor of rare earth oxides, 
e.g. zirconia, thoria, etc., manufactured in the form of a short 
rod. The rod is non-conducting when cold and must be heated 
by an external source until it becomes conducting, when the 
passage of the current (about 0-3 amp at 50 V) maintains the 


t E.g. Applied Physics Corpn., Pasadena, Cal., U.S.A.; Beckmann Instru- 
ment Corpn., Pasadena, Cal., U.S.A. 

t Hilger and Watts Ltd., London; Unicam Ltd., Cambridge. 

§ Optica United Kingdom Ltd., Gateshead-on-Tyne, England. 

|| Typical instruments are manufactured by: Messrs. Hilger and Watts, 
London, Unicam, Ltd., Cambridge, England. Sir Howard Grubb Parsons 
and Co. Ltd., Newcastle, England. 
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incandescence. As a semiconductor, it has a negative coefficient 
of resistance, and is operated in series with a ballast resistor in a 
constant-voltage circuit. The external source which heats the 
filament initially may be either a Bunsen flame, or radiation from 
a series of small adjacent electric heaters. The emissivity of the 
Nernst filament is high in the visible, low in the region 1-6 u, and 
rises again beyond this wavelength; it has been used up to a 
wavelength of 25 pu. 

The ‘Globar’ is a carborundum rod which is conducting at 
room temperature, and so does not need the starting devices of 
the Nernst filament.t In the longer wavelengths beyond 15 yu it 
has a greater energy output than the Nernst filament, and for a 
great part of its range the energy spectrum approximates to that 
of a black body at the same temperature. Its disadvantages are 
its relatively large size, its heat dissipation (which necessitates 
water cooling), its relatively short life, particularly if its tempera- 
ture rises above 1200°C, and the increase in resistance with length 
of time in operation, necessitating some means of progressively 
increasing the voltage across it. 

It has already been stated that the so-called visible and ultra- 
violet spectrophotometers extend their range into the near infra- 
red. This is because the ordinary tungsten-filament lamp is a 
reasonably good source of infra-red radiation up to about 2 p 
(beyond which point the glass of the envelope becomes opaque), 
whilst the red photo-cell detectors are also operative over a part 
of the infra-red spectrum. 


Monochromators 

In a previous section (p. 344) selection of a narrow band of 
wavelengths has already been described and in broad outline the 
methods used for the infra-red region of the spectrum are very 
similar. The optical materials must be transparent to the radia- 
tion used, and must also have reasonable dispersion in that 
region. Table 14.1 gives the transmission ranges of some optical 
materials suitable for the infra-red region. 

At first sight it would seem advantageous to use potassium 
bromide as this material has a wide transmission range, but in 
practice greater dispersion is obtained for a particular material 
near the limits of its range. Consequently, if prisms are to be used 

+ The Globar consumes about 200 W at 40-50 V. 
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it is preferable to use interchangeable prisms to cover the com- 
plete range to 25 p. For example, we could use quartz below 3 p, 
fluorite from 6-9 p, rock salt from 8-15 p, and potassium bromide 
to 25 u.. The most commonly used material at present is rock salt, 
largely because of price, but a choice of optical materials is now 
offered by the manufacturers of commercial instruments. 

In general, diffraction gratings give greater resolution than 
prism systems and with the development of the Merton-N.P.L. 
gratings a number of grating instruments are now available. 
However the intensity of spectrum obtainable with a grating is 
generally less than that obtainable with a prism, and the over- 
lapping of different-order spectra creates a problem in grating 


TABLE 14.1 
Material Transmission range 
(3) 

Crystalline quartz 0:19-3-5 
Lithium fluoride 0-12-6-5 
Fluorite 0-20-9 

Rock salt 0-20-16 
Potassium bromide 0:21-28 


instruments. The low intensity has to some extent been overcome 
by careful design and by the improved sensitivity of detectors, 
whilst the overlapping of orders can be eliminated either by the 
use of suitable filters, or by preliminary dispersion with a prism. 
It is not conventional to regard the absorption cell as part of the 
monochromator, although the windows of such cells must be 
transparent in the region under study. 

In an earlier section of this chapter abridged spectrophoto- 
meters for the visible region were described ; such instruments also 
exist for the infra-red region, and will be described in the section 
on non-dispersive spectrophotometers, or as they are better 
known, infra-red gas analysers (p. 361). 


Detectors 

Photographic and photo-electric methods can be used to detect 
infra-red radiation up to wavelengths of about 2 u, but beyond 
this other methods must be used. A number of instruments have 
been made which use photoconductive cells as detectors. These 
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cells change their resistance when light falls upon them; World 
War II saw the development of lead sulphide cells, which are 
very sensitive to radiations in the near infra-red (to about 3 y). 
More recently, lead selenide (max. 5-5 wu), lead telluride (max. 
5-8 uw), cadmium sulphide and indium antimonide have attracted 
attention, in efforts to extend the range. These photo-cells become 
more sensitive and more stable if maintained at a low tempera- 
ture, and arrangements may be made for cooling them with 
liquid air or solid carbon dioxide. Despite advances in photo- 
conductive cells, it is at present more satisfactory to use a 
thermal detector, e.g. a bolometer or thermopile, in the infra-red 
region of the spectrum. The bolometer consists of two similar 
metal strips which form two arms of a balanced Wheatstone 
bridge. The strips are usually blackened to increase absorption 
of incident energy. One of the strips is placed in the beam; 
radiant energy serves to increase the temperature of the strip, 
and its resistance changes, throwing the bridge out of balance. 
The strips were formerly made of nickel, which has a large 
temperature coefficient of resistance, but the use of thermistors 
(p. 5) as bolometers is a recent development; in particular; 
niobium nitride shows great promise in that its temperature 
coefficient is many hundreds of times greater than that of most 
semiconductors. The conventional bolometer is not as sensitive 
as the multi-junction thermopile, although its speed of response is 
greater. 

A thermopile is an assembly of junctions of different metals 
which gives a small e.m.f. when radiant energy falls upon it; 
again, the end of the pile is generally blackened to increase 
absorption of energy. The design of thermopiles is very compli- 
cated, and the two main requirements of speed of response and 
sensitivity often conflict. Enclosing the thermopile in a vacuum 
renders it more sensitive, but at the expense of the speed of 
response. 

The Unicam SP100 infra-red spectrometer uses as detector the 
Golay pneumatic infra-red detectort; illustrated in Fig. 14.11 it 
is claimed that the sensitivity of this detector is comparable with 
that of the best thermopile. In principle it consists of a small 
chamber containing a gas of low thermal conductivity, e.g. xenon, 
sealed at one end with a potassium bromide disc A through which 

+ Rev. Sci. Instr. 20, 816 (1949). 
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the radiation reaches a thin absorbing aluminium film B, of low 
thermal capacity. This absorbs the radiation, becoming heated, 
and so warms the gas in the chamber; the resultant increase in 
pressure distorts the mirror membrane C. A slow leak D connects 
the chamber to a ballast gas supply to minimise changes in 
ambient temperature. — 

Light from a stabilised low-wattage lamp E passes through the 
condenser lens L and the grid G via a lens M to the membrane 
mirror C. In the absence of deformation of the membrane mirror 
the image of one part of the grid is superimposed on another part, 
i.e. gap coincides with gap and line with line. Under these cir- 
cumstances light passes to the photo-cell F via the mirror N. 


(R 
—_—_—_—_—_—_— 
RADIATION 


Fig. 14.11. Golay infra-red detector 


If deformation occurs coincidence at the grid will not be obtained 
and the lines and gaps will coincide, resulting in reduction of 
light intensity at the photo-cell F. Thus photo-electric ampli- 
fication is produced, the output from which can be still further 
amplified. 

In practice, as wellas high speed and sensitivity, the ‘noise level’ 
of the detector is of importance, and indeed it often seems that 
high sensitivity is allied with high noise level. Cells which are 
infra-red sensitive often have a thermionic emission which fluctu- 
ates in an irregular fashion, whilst Brownian fluctuations set a 
limiting value on the sensitivity which can be achieved. Addi- 
tionally ‘practical noise’ from valves, etc., also sets a limit on 
useful sensitivity. 
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Amplifiers 

The e.m.f. produced by the thermopile is only a few micro- 
volts, and must be amplified. A number of amplifiers have been 


specially developed for spectroscopic instruments, and some of 
these are now considered. 
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Fig. 14.12. Photo-electric galvanometer relay 


Hilger galvanometer amplifier or photo-electric galvanometer 
relay. The principle is illustrated by Fig. 14.12. When the primary 
galvanometer mirror is in its rest position, i.e. with zero thermo- 
pile input, the light from the low-power lamp is reflected from 
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this mirror via lens L, and the faces of the prism so that equal 
amounts of light fall on both photo-cells. These are connected 
in opposition, and assuming equality, they will produce no 
current in the secondary galvanometer. If a small e.m.f. is now 
produced by the thermopile the primary galvanometer mirror is 
defiected and more light will fall on one photo-cell than on the 
other; the photo-electric currents will not balance, leading to 
deflection of the secondary galvanometer. The speed of response 


HT + 


H.T.~ 


FEEDBACK PATH 


THERMOPILE INPUT 
Fig. 14.13. Thermopile amplifier 


of such a circuit is largely limited by the period of the galvano- 
meter; at the expense of some sensitivity the speed of response 
may be increased by using negative feedback (see Fig. 14.13). 
Light from the galvanometer mirror M is allowed to fall on the 
cathodes of two photo-emissive photo-cells. In the undeflected 
position the grid of the valve will take up a certain potential with 
respect to the cathode. When the thermopile generates a small 
e.m.f. the mirror is rotated and one photo-cell will be illuminated 
to a greater extent than the other, leading to a change in grid 
voltage, and hence of anode current; part of this is fed back into 
the galvanometer circuit to: oppose the thermopile current. 
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It has been shown (p. 150) that if 8 is the fraction of the current 
fed back then the amplification is approximately 1/8, which is 
independent of the circuit parameters. If A is the amplification 
in the absence of feedback then the restoring moment of the 
galvanometer is multiplied by a factor (1+ Af); this effectively 
increases the stiffness of the suspension, giving a higher speed of 
response. 

Many designs of d.c. amplifiers have been used in the past, but 
no matter how sensitive or fast none of them has eliminated zero 
drift due to the effect of ambient-temperature variation on the 
thermopile; most modern instruments use a.c. methods of ampli- 
fication. The radiant energy beam is ‘chopped’ by some mechani- 
cal means at a low frequency (e.g. 10 c/s) and the pulsating output 
of the thermopile is amplified using somewhat specialised a.c. 
circuits based upon the principles set out in Chapter VI. The 
output is then rectified and fed to a recording millivoltmeter. A 
thermopile having a rapid response is necessary; as this is inher- 
ently less sensitive than the ‘slow’ thermopile, the gain of the 
amplifier must be high (up to 10°). The chopping frequency is 
about 10 c/s, and decoupling circuits become very bulky in this 
region, so that push-pull amplification (p. 131) is generally 
adopted. The chopping frequency must be maintained accurately 
constant, since the amplifier is usually rather sharply tuned in 
order to pass a narrow transmission band. 


The Complete Instrument 

As an example of a typical modern infra-red spectrophotometer 
the Hilger H800 recording single- and double-beam spectro- 
meter will be briefly described. The optical system is shown in 
plan in Fig. 14.14. The spectrometer uses a 60° prism of material 
transparent to the spectral range being studied, e.g. quartz, 
rocksalt, potassium bromide, etc., with the mirror M¢ acting as 
the collimator. The source is a Nernst filament N, which is 
heated for starting purposes by a series of electrical heaters, and 
the detector R is a Schwarz thermopile. Two beams, the test 
beam and the reference beam, are obtained from the source 
by means of a mirror system M,, M2, M3, Mz being mounted 
vertically above M3. The two beams follow the same path but in 
different planes, through the cells C and C’, which contain the 
test and reference samples respectively, to the mirrors M3, M3. 
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A motor-driven shutter A is placed in the reference (i.e. the lower) 
beam, in front of M3. The two beams from M3, M3 converge on 
to the mirror M,, which vibrates between two extreme positions 
at a frequency of 12:5 c/s, so that this optical switch presents 
light alternately from M; and from M; (i.e. the test and reference 
beams) to the entrance slit S;. 

From this point there is only one path through the spectro- 
meter to the detector R. Mirror M; reflects the beam on to the 


Fig. 14.14. Arrangement of components— Hilger H800 double-beam 
spectrometer 


off-axis paraboloid mirror M,, and thence to the prism P via 
mirror M;. After passing through the prism the beam pases to the 
mirror M,. The spectrum is scanned by rotating Mg, and the dis- 
persed light is reflected via M; on to Mg which focuses it on to the 
exit slit S,. The elliptical mirror My then focuses the light on to 
the detector R. 

Hence in its operation as a double-beam instrument, a chosen 
wavelength from the test and reference beams falls alternately 
upon the detector. If the absorption in the two beams is the 
same, the energy falling on the detector will be the same for both; 
if greater absorption occurs in the test beam, the difference in 
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energy between the two beams causes a fluctuating intensity of 
radiation at the detector which will produce an a.c. signal. This 
signal is amplified and fed to a phase-sensitive servo-motor 
(12:5 c/s) which drives the rectangular-aperture shutter A in such 
a way as to reduce the energy difference. Thus the energies in 
the two beams are maintained at balance. The area of the aperture 
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Fig. 14.15. Absorption curve of anisole 


is a measure of the energy in the test beam relative to the full 
energy in the reference beam at the chosen band of wavelengths, 
i.e. it measures percentage transmission of the test sample. The 
size of the aperture is continuously recorded on the pen-recorder 
chart by means of a d.c. signal voltage derived from a potentio- 
meter coupled to the drive of the aperture and provides the 
ordinate value on the chart. The movement of the chart is 
indirectly coupled to the movement of the mirror Mg, i.e. to the 
wavelength presented to the exit and thus wavelength is the 
abscissa. A typical trace is shown in Fig. 14.15. 


360 


PHOTOMETERS AND SPECTROPHOTOMETERS 

For single-beam working the condenser mirror M3 in the 
reference beam is tilted from the double-beam position, and the 
reference beam after passing the servo-controlled aperture and 
vibrating mirror, misses the entrance slit and enters an optical 
by-pass system (the mirrors Mj) and Mj;, and lens L;) which leads 
it through an adjustable attenuator (the optical wedge W) 
directly to the detector. The servo-controlled aperture maintains 
the balance as before; the reference beam energy does not now 
vary during the scan but remains at a constant value determined 
by the position of the attenuator. The area of the aperture is now 
a measure of the energy in the test beam relative to the constant 
reference energy, and a single-beam record is obtained. If a 
solution were being studied, it would be necessary to subtract the 
solvent spectrum to obtain the solute spectrum. 

The energy from the source within equal wavelength intervals 
throughout the infra-red spectrum is not constant; in order to 
maintain a reference energy level the slit-width is arranged to vary 
throughout the scan. 


Non-dispersive Infra-red Gas Analyser 

In Great Britain two non-dispersive gas analysers are available, 
one of which may be described as deflectional (Grubb-Parsons 
Ltd.f) and the other as a null-balance instrument (Infra-Red 
Development Co. Ltd.t). The latter instrument will be described 
in outline; a schematic diagram is given in Fig. 14.16. 

The unit consists of the analysis tube A, and the comparison 
tube B which is filled with dry air, both tubes being fitted with 
infra-red transparent windows. The energy source is a Nichrome 
wire which heats a small quartz tube to about 600°C; this then 
emits radiations in the range 2—15 wu. The beam is split into two 
by the reflectors, one beam passing through the analysis tube 
and the other through the reference tube. The radiation then falls 
upon the two sections of the detector unit (C, D), each section 
consisting of an absorbing chamber fitted with infra-red trans- 
parent windows connected to a central chamber. Both chambers 
of the detector unit are filled with the test gas, and the sections 
are separated by a thin metal diaphragm. From the optical point 
of view, if no test gas but only dry air is present in the analysis 


+ Sir Howard Grubb Parsons and Co. Ltd., Newcastle, England. 
} Infra-Red Development Co. Ltd., Welwyn Garden City, England. 
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tube, then the energy falling upon the two sections of the detector 
will be equal and the pressures in the chambers will also be equal. 
If now the test gas is introduced into the analysis tube, absorption 
of some of the infra-red energy within its own particular infra-red 
absorption range will occur. The two sections of the detector unit, 
which are filled with the test gas, will absorb different amounts 
of the incident energy over this waveband, and the energy dif- 
ference will manifest itself as heat; the gases in the two sections 


RADIATOR 
REFLECTORS SHUTTER 
MOTOR 
LI 


ANALYSIS 
TUBES 


MEASURING 
CHAMBERS 


AMPLIFIER 
DIAPHRAGM 


ASSEMBLY 
METAL DIAPHRAGM 


Fig. 14.16. Non-dispersive infra-red gas analyser 


will not expand equally, setting up a pressure difference. The 
metallic diaphragm will thus move in the direction D to C by 
an amount proportional to the concentration of test gas in the 
analysis tube. 

The aluminium diaphragm forms one electrode of a small 
electrical capacitor, the other electrode being a fixed insulated 
metal plate within the detector, and thus movement of the 
diaphragm is detected as a change in electrical capacitance. The 
fixed plate is connected to a constant polarising voltage through 
a high-value resistor. A rotating vane interrupts the radiation 
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from the filament, allowing it to fall simultaneously on the two 
tubes, and then cutting it off from both tubes simultaneously, at a 
frequency of a few cycles per second. The periodic changes in 
capacitance give rise to charging and discharging currents of the 
capacitor which appear as an alternating voltage across the load 
resistor. The alternating voltage is amplified and made the input 
of a mechanical rectifier which is driven by the shaft of the 
rotating-vane drive motor, and it will thus respond only to the 
signal frequency. The rectified voltage is used to drive a servo- 
operated shutter into the reference beam until the energy incident 
on the reference section D equals that on the test section C, and 
the diaphragm returns to its undisturbed position. Thus at 
equilibrium the shutter position is an indication of the concen- 
tration of gas in the sample cell, and by a suitable linkage to the 
pen of a recorder a continuous record may be obtained. 


; References 
GILLAM, A. E. and STERN, E. S. (1958). An Introduction to Electronic 
Absorption Spectroscopy. Arnold. 
LOTHIAN, G. F, (1949). Absorption Spectrophotometry. Hilger. 


Problems 

1. The basic units of a spectrophotometer may be considered as 
being a radiation source, an optical cell unit, a dispersing system, a 
detector and a recorder. Discuss the requirements needed for these 
units, and describe errors which may arise in a complete instrument. 
(Reference can be made to the sources listed in the text and to Chemi- 
cal Applications of Spectroscopy — see Question 8.) 

2. Describe what you understand by ‘stray light’ in spectrophoto- 
meters, how it can be detected and its effects reduced or eliminated. 

3. ‘Quantitative absorption spectroscopy is based upon the Beer- 
Lambert law.’ Discuss this statement critically, and show how appar- 
ent deviations from Beer’s law may occur. 

4. Describe in detail the construction of suitable double-beam 
spectrophotometers for use in (a) the ultra-violet region, (b) the 
infra-red region, of the electromagnetic spectrum. 

5. Review the application of infra-red analysis to hydrocarbons. 
(Reference may be made to Sheppard and Simpson, Quart. Rev. 
Chem. Soc. 6, 1 (1952), and 7, 19 (1953).) 

6. Write a general account of the application of visible and ultra- 
violet spectroscopy to inorganic chemistry. The field is wide and your 
account should contain only the general principles (see Question 7). 
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7. Describe in detail the application of the method of continuous 
variation to a reaction involving the formation of a single complex. 
Describe how the method has been extended for systems of greater 
complexity. (Reference may be made to Vosburgh and Cooper, J. 
Amer. Chem. Soc. 63, 437 (1941); Gould and Vosburgh, ibid. 64, 
1630 (1942); and to Bjerrum, Metal Ammine Formation in Aqueous 
Solution. Haase and Son, Copenhagen (1941).) 

8. A recording spectrophotometer may be considered as being 
made up of five units, namely a radiation source, an optical cell unit, 
a dispersing system, a detector and a recorder. Discuss suitable units 
which could be used in the construction of single-beam spectrophoto- 
meters suitable for use in the range 1850 A to 30 microns. (Reference 
may be made to Chemical Applications of Spectroscopy (Editor, W: 
West). Interscience Publishers, New York (1956), and Lothian, G. F., 
Absorption Spectrophotometry, 2nd edition. Hilger.) 
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A 


Absorptiometers, 340 
Acceptor circuit, 58 
Admittance, 55 
Alternating current and voltage, 
measurement of, 23 
Amplification factor, 81 
Amplifiers, classification of, 144 
power, 129 
pulse, 327 
push-pull, 131 
ring-of-three, 328 
thermopile, 357 
voltage, 125 
Anode resistance, 80 
Apparent power, 47 
Asymmetry potential, 263 
Automatic bias in oscillators, 158 
Autotransformer, 69 


B 


Bandwidth of tuned circuit, 55 
Barretter, 3 

Base electrolyte, 288 

Beam tetrode, 87 

Beat frequency oscillator, 167 
Beer-Lambert Law, 338 
Bridge rectifier, 106 

Buffer solutions, 265 


C 


Calomel electrode, 257, 296 
Capacitance, 10 

in a.c. circuit, 32 

in d.c. circuit, 14 
Capacitor, charge and discharge, 15 
Capacitors, 11 

colour code for, 13 

electrolytic, 12 


Cathode follower, 142 

ray oscilloscope, 191 

E.H.T. circuit, 193 
time bases, 195 
polarograph, 306 
tube, 192 

Charging current in polarography, 

298 
Chokes, 9 
Coaxial cable, 16 
Cold-cathode tubes, 96 
Colour code for resistors, 2 
Conductivity meter, 235, 237 
Constant voltage transformer, 107 
Conversion conductance, 93 
Coupled amplifiers, 132 

circuits, 60 
Coupling factor, 60 
Critical coupling, 63 

damping of oscillatory circuit, 17 
Crystal detector, 121 

equivalent circuit of, 164 

frequency control, 162 


D 


Decay constant, radioactive, 312 
Decibel scale, 50 
Dekatron, 180 

circuits, 182, 183 
Derivative polarography, 301 
Detection, 114 
Dielectric constant, measurement, 

274 

of solid dielectrics, 279 

Dielectrics for capacitors, 11 
Differential polarography, 300 
Differentiating circuit, 320 
Differentiation of pulse train, 322 
Diode, 76 

detector, 117 

saturation current, 76 
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Direct-current amplification, 146, 


358 
amplifiers, stabilisation of, 148 
Dosimeter, radiation, 319 
Dynamic characteristics, 125 
impedance, 44 
Dynatron oscillator, 160 


E 


Electrode potential, 254 
Electromagnetic spectrum, 21 
Equivalent conductance, 227 


F 


Form factor, 26 
Frequency, classification of, 22 
Full-wave rectification, 23, 104 


G 


Galvanometer amplifier, 356 
Gas-filled tubes, 93 
Geiger—Miiller tube, 186, 316 
quenching in, 189, 317 
recovery time, 316 
Germanium diode, 119 
Glass electrode, 260 
Globar I.R. source, 352 
Golay I.R. detector, 354 


H 


Half-wave rectification, 24, 101 
Hard-valve stabilisation, 113 
Head amplifier, 191, 315 
High-frequency conductance, 244 
equivalent circuit of cell, 247 
titrations, 250 
Hydrogen electrode, 255, 283 
ion concentration, 257 


I 


Impedance, 32 
matching, 71 
Inductance, 7 
in a.c. circuit, 29 


Inductors, 8 
calculation of inductance, 8 
in series and parallel, 10 
Infra-red gas analyser, 361 
spectrophotometers, 351 
Integrating circuit, 321 


J 


Junction diode, 210 
characteristic curve, 211 
transistor, 212 


K 
Kipp relay, 324 


L 


Line cord, 4 
Liquid junction potential, 254 
Load line, 125 


M 


Metal rectifiers, 105 
Micrometer cell, 280 
Monochromators, 352 
Multivibrator, 167 
Mutual conductance, 80 
inductance, 10, 60 


N 


Negative feedback, 140, 150, 308 
resistance, 4, 160 
Nernst filament, 351 
Neutralisation of 
capacitance, 82 

Noise, 6 
Non-dispersive I.R. gas analyser, 
362 


interelectrode 


oO 


Optical density, 338 

Oscillation, maintenance of, 153 
Oscillatory charge and discharge, 15 
Oscilloscope, cathode ray, 191 
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P 


Parallel L-C_R circuit, 38 
combination of resistance and 
inductance, 18 
Pentode, 88 
DH scale, 257 
meter, 269 
Phosphor, 318 
Photo-cell amplifier, 177 
Photo-conductive cells, 173, 340, 353 
emissive cells, 175, 343 
Photomultiplier tubes, 178, 318 
Polarogram, 290 
smoothing of, 295 
Polarograph, basic circuit, 285 
cathode-ray, 306 
Polarography, 285 
differential, 300 
derivative, 301 
' Positive feedback, 153 
Potentiometer, 258 
Potentiometric titration, 262 
Power amplifiers, 129 
maximum transfer of, 70 
factor, 46 
_ of capacitors, 49 
Power in a.c. circuits, 45 
Proportional counter, 190, 314 
Pulse analyser, 331 
Push-pull amplifier, 131 


Q 


Q-factor, 54 
Quenching probe, 323 


R 


Ratemeter, 324 
Reactance of capacitor, 33 
inductor, 30 
Rejector circuit, 58 
Relaxation oscillator, 167, 168 
Resistance, 1, 27 
capacitance coupling, 133 
oscillator, 161 
negative, 4, 85 
Resistors, 2 


Resistors—cont. 
colour code, 2 
metal film, 7 
variable, 6 
wire-wound, 3 
Resonant frequency, 37 
Ribbon beam tube, 185 


N) 


Scaler, 334 
decimal, 336 
Schmitt discriminator, 332 
Scintillation counter, 317 
Secondary emission, 85 
Selectivity of tuned circuit, 53 
Semiconductor diode, 202 
nomenclature, 203 
theory, 204 
Series combination of capacitors, 18 
a.c. circuit, 35 
d.c. circuit, 15 
Skin effect, 28 
Smoothing of rectified a.c., 103 
Specific conductance, 227 
Spectrophotometers, 343 
visible and U.V., 346 
LR., 351 
Square wave, 26 
polarograph, 307 
Stabilisation of power supply, 107 
Stage gain of amplifier, 124 
Synchronisation of time base, 197 


T 


i 


Tetrode, 84 
beam, 87 
Thermionic emission, 74 
Thermistors, 5, 354 
Three-terminal bridge, 242 
measurement of small dis- 
placements, 282 
Thyratrons, 94, 171, 196, 294 
Time constant, capacitive circuit, 14 
inductive circuit, 8 
Transformer, 65 
coupling, 136 
ratio-arm bridge, 239, 275 
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Transformer—cont. Valve oscillator circuit, 155 
with complex load, 68 principles, 153 
with resistive load, 67 Variable-p valves, 90 
Transistor, 212 Vibron amplifier, 149, 270 
amplifier, 219 Voltage doubler, 107 
d.c./a.c. convertor, 221 reference tube, 112 
oscillator, 221 regulator tube, 94, 107 


parameters, 213 
Transistors, manufacture of, 216 


Trigger tube, 183 W 
Triode, 78 
Tuning indicator, 199 Wagner earth, 231 
Wattless current, 30 
Vv Wattmeter, 47 
Wheatstone bridge, a.c., 230 
Valve bases, 96 d.c., 229 
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